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FOREWORD
The construction of the National Ignition Facility (NIF) and preparations for its

use are at present the dominant activities in LLNLÕs ICF/NIF Program. The work of
the Nova laser will be completed and the facility shut down after a final six-month
operation in FY 1999. The planning for ignition with NIF is being carried out on a
national basis, and ongoing science and diagnostic development is being trans-
ferred elsewhere, notably to the Omega laser facility at the University of Rochester.
This Quarterly Report reflects these trends by reporting scientific work at Nova and
associated theory which is both of intrinsic interest and relevance to NIF. The report
presents a key aspect of new laser technology developed for NIF and discusses
design and testing at Omega of new ICF diagnostic instruments for NIF. 

A key aspect of new laser technology, which is essential for the reduction of cost
per unit of laser energy required to make the NIF an affordable project, is presented
in ÒThe Plasma Electrode Pockels Cell for the National Ignition FacilitiyÓ on p. 89.
The 40-cm-aperture plasma electrode Pockels cell (PEPC) developed for NIF has
enabled the NIF beams to use high energy-extraction efficiency in a multipass ampli-
fier by providing a means of switching the beam out of a recirculation cavity at full
aperture. Conventional Pockels cells use a metal ring electrode to apply a field to the
crystal and are limited to small apertures. In the PEPC, a uniform conducting plasma
is formed over the surface of the crystal so the voltage can be applied uniformly over
the aperture by a plasma electrode that is transparent to laser light and immune to
laser damage. This electro-optical engineering project is typical of the advanced laser
engineering that has enabled the construction of the NIF. 

ÒMeasurements of the High-Pressure Equation of State of DeuteriumÓ on p. 94
presents scientific work that received the American Physical Society prize for
Excellence in Plasma Physics in 1998. This study of the equation of state of shock-
compressed liquid deuterium gives new insight into very basic dense-matter
physics, showing an unexpectedly high compressibility in the region of one-
megabar pressure; this challenges theoretical understanding and could be
attributed to a change of state from molecular liquid to liquid metal. Elegant experi-
mental measurements, based on radiography and Doppler interferometry, deter-
mine with high precision the velocity of the shock front and of the shock pusher in
order to define the equation of state.

ÒDeveloping High-Pressure, Solid-State Experiments on the Nova LaserÓ on 
p. 101 reports a new line of study of the RayleighÐTaylor (RT) instability in abla-
tively accelerated targets. At multi-megabar pressures, shocked matter is generally
in the liquid state; with carefully shaped drive pulses in hohlraums, however,
nearly isentropic compression can be achieved. Accelerated matter may therefore
retain solid properties even with a high degree of compression. The strength of the
solid then becomes a factor in the growth of the RT instability, which may be
reduced to a lower level than for a liquid. Experiments with copper have tested the
effect in a regime where detailed modeling shows it to be small. This work has
pointed the way to future experiments with aluminum targets and with perturba-
tions of shorter wavelength, where it is predicted to be significant. 

The topic of development of new diagnostics is introduced in ÒCharged-Particle
Spectroscopy: a New Diagnostic for Inertial Fusion ImplosionsÓ on p. 109. This arti-
cle discusses a new device for charged-particle energy spectroscopy developed at
Omega and suitable for the NIF. The goal is to study implosions using the charged
particles from fusion reactions to give data on the yield, the areal density of both fuel
and pusher, and the symmetry of implosions. A clever solution is presented using a
combination of magnetic deflection and energy-proportional response of etched
tracks in CR39 plastic (or charge collection on a CCD pixel) to uniquely identify 
protons, tritons, and alpha particles and measure their energy. Background signals
from neutrons are a problem, but a solution giving good signal-to-noise ratio is
found. Results from implosions at Omega demonstrate the success of the project. 
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ÒFUDGE: a High-Bandwidth Fusion Diagnostic for the National Ignition FacilityÓ
on p. 116 looks further into the future with a design for time-resolved measurement
of the fusion burn rate at the NIF. This article shows why the established method for
recording the rate of neutron emission fails at the NIF scale because of the larger
spread of neutron time of flight. In its place, a novel method is proposed of time-
resolving the flux of 16.7-MeV gamma rays, which are produced in a minor branch
of the DT fusion reaction. In this scheme, Compton electrons are produced by the
photons and magnetically analyzed to select those originating from the 16.7-MeV
photons. Visible-light Cherenkov emission from the selected electrons is then
detected with a fast channel plate to complete the measurement. Untried pending
availability of large fusion yields at NIF, the new diagnostic promises to be an
important source of information on fusion ignition at the NIF. 

ÒPropagation of Realistic Beams in Underdense PlasmaÓ on p. 120 shows how
sophisticated analytic theory can give insight into a very complex aspect of
laserÐplasma interactions: the deflection of high-intensity laser light in a trans-
versely flowing plasma. The light pressure (actually the ponderomotive pressure)
creates channels in the plasma where there are local intensity maxima, and the laser
light is self-focused towards the density minima of the channels; the channels are
swept downstream by the flow, and the light is therefore refracted in the direction of
flow. This academically interesting process is a practical problem in the gas-filled
hohlraum targets to be used for ignition at the NIF. The analytical model gives
insight into more detailed numerical simulations, which offer a solution to the beam
deflection through beam smoothing by induced spatial incoherence. 

Michael H. Key
Scientific Editor
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Introduction
This article describes the design and prototype test-

ing of a plasma electrode Pockels cell (PEPC) that will
be used as part of an optical switch in the laser portion
of the National Ignition Facility (NIF). To reduce costs
and maximize performance, the laser architecture for
NIF is based on a multipass power amplifier. A key
component in this laser design is an optical switch that
ÒclosesÓ to trap the optical pulse in an amplifier cavity
(for four gain passes) and then Òopens,Ó letting the
optical pulse escape. This switch includes a Pockels
cell that provides voltage control of the laser beamÕs
polarization and a reflecting-transmitting polarizer.
Such optical switches are common in many types of
lasers, such as Q-switched and regenerative lasers. 

The NIFÕs 40- × 40-cm beam size, its square shape,
and its 5-J/cm2 energy density, however, require using
an optical switch of unprecedented size. Conventional
Pockels cells that are presently available commercially
do not scale to such large apertures or to the square
shape required for close packing. Our optical switch is
based on a plasma electrode Pockels cell (PEPC) tech-
nology that has been proven on the Beamlet laser.1 In
FY98 we finalized a design for the NIFÕs PEPC and val-
idated it by testing prototypes.

The Plasma Electrode Pockels
Cell Design

As has been done with a number of other NIF com-
ponents, the PEPC is designed as a line replaceable unit
(LRU)Ñthe smallest subarray of apertures that will be
installed or removed from a NIF beamline. The PEPC
LRU is a 4 × 1 module (four apertures high by one aper-
ture wide); an engineering model is shown in Figure 1.

Altogether, 48 of these modules, comprised of an oper-
ational core mounted in an L-shaped support frame,
will be needed to provide optical switching for NIFÕs
192 beamlines. 

The operational part of the PEPC LRU has a mid-
plane sandwiched between a pair of housings, with
various other components attached to the housings.
The midplane is a glass sheet with four apertures cut
out from it. In each aperture, we have potted a 40- ×
40- × 1-cm KDP crystal plate with a high-grade silicone
rubber. The KDP crystals are electro-optic elements;
voltage applied across them controls the PEPCÕs
switching action. 

The housings are the main structural element of the
PEPC, and their design is the key to its proper opera-
tion. A major design feature is to have all the vacuum
and electrical interfaces at the top and bottom of the
housings. This is critical for achieving the close inter-
beam spacing required for economical laser construc-
tion. The housings are made from Al with a
hard-anodized coating, which provides insulation to
keep them from shorting out the plasma current. This
construction technique is a major departure from the
plastic housing used for BeamletÕs PEPC. 

Other components in the operational core include
anodes, cathodes, windows and window retainers,
vacuum baffles, plumbing, gauges, and gas flow con-
trollers. The windows are made of fused silica and rest
on O-rings. During operation, because the interior of
the PEPC is under vacuum, the windows are held in
place by atmospheric pressure. However, when the
vacuum system is off, the windows are held in place
by retainer rings. 

The plasma discharges that form the plasma elec-
trodes are produced between sets of anodes and cath-
odes. These discharges span two full apertures. Each
LRU has four cathodes (negative electrodes for the
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plasma discharge) mounted within recesses at the top
and bottom of the housings. We use planar magnetron
cathodes; one for each of the four plasma quadrants.
High-field permanent magnets confine the plasmas
near the cathode surfaces. This lowers the operating
pressure and discharge voltage required and provides
good discharge uniformity.

Because cathode sputtering is inevitable and we
must control the sputtered material deposited onto
optical surfaces, we use cathodes with graphite covers.
This assures us that any sputtered material is carbon.
Then, by using He mixed with 1% O as an operating
gas, the sputtered carbon reacts with the oxygen to pro-
duce CO and CO2. Both of these reaction products are

gases, so they are simply pumped away by the vacuum
system.

Each discharge also uses a set of six positive elec-
trodes (anodes). During development, we found that
segmenting the anodes improved the discharge unifor-
mity by helping to counteract the plasmaÕs natural ten-
dency to pinch. We assure that an equal fraction of the
plasma current arrives at each of the anode segments by
using appropriate ballast resistors.

The PEPCÕs vacuum and gas system provides the
high-vacuum environment required for producing the
plasmas. The vacuum system provides a base pressure
of around 5 × 10Ð5 torr. The working gas is fed in with
a feedback-controlled, mass-flow controller. The gas
system is set up to maintain a constant operating pres-
sure of 65 mtorr, rather than a constant flow. 

The entire PEPC LRU is pumped by a turbomolecu-
lar-drag pump, which is backed by a suitable roughing
pump. The interior of the housing is pumped through
holes in the cathodes. These holes lead to pump-out
tubes that penetrate the housing ends and connect to
an insulated vacuum baffle, which provides electrical
isolation between the two housings when the 17-kV
switch-pulses are applied. The baffle prevents plasma
electrons from flowing to the grounded vacuum struc-
ture during the switching pulses, while still allowing a
high vacuum conductance.

Each LRU is driven by a set of pulse generators.
Four plasma pulse generators (PPGs) and two switch
pulse generators (SPGs) are used, which are not really
part of the LRU. In NIF, they will be installed near the
LRUs and connected to them by appropriate cables.
Each PPG delivers a 1.2-kA current pulse through a
plasma channel. Some current is also supplied to con-
ductors that run along the sides of the housing. The
current in these conductors produces a magnetic field
that helps attract the plasma to the edges of the crys-
tals. The switch pulsers supply a nearly rectangular-
shaped, 17-kV, high-voltage pulse across the midplane.
The highly conductive plasmas assure that this voltage
is uniformly applied across the entire crystal surface.

The external support for mounting the operational
portion of the PEPC LRU is an ÒLÓ shaped frame. A
kinematic mounting system is also attached to this
frame. The other side of these mounts will be attached
to the NIF periscope structure. At the bottom of the
support frame is an interface plate, through which
pass all the electrical, gas, cooling, vacuum, diagnostic,
and control interfaces.

Prototype Testing and Validation
of the NIF PEPC Design

To test and validate our design, we built two proto-
typesÑa ÒmechanicalÓ prototype (Figure 2) and an
ÒoperationalÓ prototype2 (Figure 3). In this way, we
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were able to test the external frame and operational
core designs independently and simultaneously. 

The mechanical prototype consists of a pair of real
PEPC housings with a ÒdummyÓ midplane (no KDP)
and ÒdummyÓ windows (Al and acrylic). The frame is
the actual NIF design, as are the kinematic mounts. A
vacuum system was included, but no gas system (as of
this writing). We used the mechanical prototype for
vibration testing and to test other mechanical aspects
of the LRU, including its handling, kinematic repeata-
bility, and interfaces. 

The mounting repeatability results are excellent. The
performance requirement is to reproducibly place the
LRU to within ±1 mm. Measurements show that the
LRU locates itself to within ±0.025 mm, forty times bet-
ter than required.

The operational prototype uses a full set of NIF
PEPC optics, including eight fused-silica windows and
four rapid-growth3 KDP crystals. These elements will
have antireflection (AR) coatings in NIF, but the proto-
type does not. We know from our Beamlet PEPC expe-
rience that the switching performance is not affected
by AR-coated optics.  

There is no external frame in the operational proto-
type and, because we do not have sufficient vertical
clearance to test it in the vertical NIF orientation, we
have to position the assembled housing horizontally.
Nevertheless, the prototype allows us to test the actual
electro-optic switching operation of the 4 × 1 PEPC. 

The 4 × 1 PEPC was evaluated with the apparatus
shown schematically in Figure 4. The output coupler of
a 10-ns pulsed 1.064-µm laser is relay-imaged with a
beam-expanding telescope to the plane of the KDP
crystals. The beam is shaped into a square cross section
and is also passed through a polarizer to ensure that
the PEPC is exposed to linearly polarized light. 

We use a system of beam splitters (not shown) to pro-
duce four identical full-aperture beams. After passing
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FIGURE 2. The ÒmechanicalÓ prototype of the NIF PEPC; used to
test the external frame design and the kinematic mounts.
(08-00-1198-2241pb01)

FIGURE 3. The ÒoperationalÓ prototype of the NIF PEPC; used to
verify full electro-optic operation. (08-00-1198-2242pb01)
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FIGURE 4. A schematic diagram of the optical system used to evalu-
ate the operational prototype. This system allows all four apertures
to be simultaneously tested. (08-00-1198-2243pb01)



through the cell and an analyzing polarizer, the four
beams are each relay-imaged to a CCD camera. We
determined the PEPCÕs performance by measuring the
extinction ratio (ER). We did this by comparing the
CCD image with and without the PEPC operating. The
NIF requirements are that the average ER for each
aperture must be greater than 100, while the worst
spot can have an ER no lower than 50. 

When the ER is 100, 99% of the light is in the proper
polarization; an ER of 50 corresponds to having 98% of
the light correctly polarized. Put another way, if the ER
is 50 on some part of the aperture, a 2% amplitude
modulation is introduced into the beam. 

In NIF, shaped optical pulses of up to 20 ns in dura-
tion pass through the PEPC four times on a normal
shot. The temporal relationship among these four
passes and the switch-pulse is shown in Figure 5. 

To fully validate the operation, we must measure
the performance at each of the four times. Pass One
occurs before the switch-pulse starts and the ER aver-
ages more than 1000 for each aperture. The minimum
ER for each aperture is about 200, easily meeting the
NIF requirement. The results for Pass Three are shown
in Figure 6. Here, the PEPC is rotating the beam polar-
ization by 90¡. This corresponds to a cavity-closed con-
dition. The average and minimum ERs all easily meet
the NIF requirements. The data for Pass-Two timing
are indistinguishable from the Pass-Three results. In
fact, we have to advance the optical pulse more than
160 ns before we notice a significant reduction in the
ER. Finally, the results for Pass Four, or the switch-out

timing, are shown in Figure 7. Again, the average and
minimum ERs easily meet the NIF requirement. 

These results are not isolated Òbest resultsÓ data.
The PEPC system fires every four seconds in the lab
and the shot-to-shot results are very reproducible. 
We have taken series of 100 shots and found the ER
variation to be less than 10%. After prolonged use
(over 20 minutes of continuous firing), we see a slight
degradation in the ER due to the heating up of the
KDP crystals from the discharges.
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FIGURE 5. Diagram showing the temporal relationship between the
voltage pulse applied to the PEPC and the four-times-per-NIF-shot
optical pulse that traverses the PEPC. (08-00-1198-2244pb01)
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Conclusion
We have designed a four-aperture plasma electrode

Pockels cell for use in the NIF. This device is the active
part of a successful optical switch for a multipass laser
amplifier design. We have proven the optical perfor-
mance of our design by building and operating a full-
size operational prototype. Furthermore, the mechanical
aspects of our design have been simultaneously proven
with a mechanical prototype containing no active opti-
cal elements. Both the optical performance and the kine-
matic mounting system for locating the entire structure
meet or exceed the NIF requirements by wide margins.
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FIGURE 7. Optical data for
Pass-Four timing after the volt-
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Introduction
Hydrogen is the simplest and most abundant ele-

ment in the universe, yet at high pressure, it is one of
the most difficult to understand. Having only a single
electron, it shows characteristics of both the Group I
alkalis and the Group VII halogens.1 At low pressure,
hydrogen isotopes are halogenous, covalent, diatomic
molecules that form insulators. With increasing 
pressure, the isotopes transform into alkali metals.
Whereas most theories predict <300 GPa for the 
insulatorÐmetal transition pressure along the 0-K
isotherm,2 static experiments at even higher pressures
have not shown evidence of metallization.3 Evidence
of high conductivity was observed at an unexpectedly
low pressure (140 GPa) at finite temperature (3000 K)
where the isotope is in a molecular fluid phase.4 There
is no accepted theoretical description of the transfor-
mation of hydrogen from an insulator into a conduct-
ing atomic fluid at high pressures and high
temperatures. This regime of high density and extreme
pressure is fundamentally difficult to address theoreti-
cally. It is a dynamic, strongly correlated, partially
degenerate composite of H2, H, H+, and electrons as
well as other components, such as H3, where no simple
approximation is available. 

Accurate knowledge of the thermodynamic proper-
ties of dense fluid hydrogen isotopes is required for
demonstrating inertial confinement fusion (ICF) in 
the laboratory.5 In the initial stages of an ICF implosion,
a layer of deuteriumÐtritium (DT) fuel is compressed
and accelerated through a sequence of progressively
stronger shocks with amplitudes from around 80 to

5000 GPa (0.8 to 50 Mbar). Design of this hydrody-
namic process critically depends on the high-pressure
equation of state (EOS) of the DT fuel. Figure 1a shows
a diagram of the principal Hugoniot6 calculated from
an established and widely used theoretical model
(SESAME)7 and the Hugoniot prediction from a more
recent theory by Ross.8,9 The more recent theory pre-
dicts a substantially higher density for shock ampli-
tudes around 100 GPa. Fuel compression and
acceleration begins with a single shock around 80 GPa.
Subsequent shocks compress and accelerate the fuel
further beginning from thermodynamic states originat-
ing along the single shock compression curve, i.e., the
principal Hugoniot. The initial 80-GPa shock amplitude
is situated in the region of greatest theoretical uncer-
tainty in our understanding of the hydrogen EOS. This
uncertainty produces practical consequences for ICF
capsule design. For example, the additional compres-
sion around 100 GPa predicted with the recent Ross
theoretical model influences the subsequent compres-
sion history of the fuel layer enough to lead to signifi-
cantly different (higher) predictions of the capsule
yield. Thus, accurate knowledge of the EOS of hydro-
gen is of considerable practical importance for ICF.

Evaluation of the competing theoretical models
requires new experimental data along the principal
Hugoniot into the few-100-GPa regime. In addition to 
the ICF application, the metallic transition and its effects
on the EOS at pressures near 100 GPa are integral to
models of many hydrogen-bearing astrophysical
objects,10 including Jovian planets,11 extrasolar giant
planets,12 brown dwarfs,13,14 and low-mass stars.15

Figure 1b shows the phase space of hydrogen16 in the
vicinity of the finite-temperature, insulatorÐmetal transi-
tion; its location relative to the principal shock Hugoniot;
and the compression isentropes of Jupiter and Saturn.
This region of phase space is experimentally accessible
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from the principal shock Hugoniot, but meaningful mea-
surements along the Hugoniot in this regime have, until
recently, been unattainable due to lack of a sufficiently
powerful shock driver. Using the Nova laser at Lawrence
Livermore National Laboratory, we have accessed this
regime by shocking liquid D2 to pressures at and above
the metallic transition, where we measured the thermo-
dynamic properties of the shocked state.

At high pressures, both molecular dissociation and
ionization can be activated through high-density as
well as thermal effects. Early EOS models either did 
not include these effects or predicted that their conse-
quences for the EOS would be small.7,17 More recent
theories predict that significant modifications to the
EOS can occur either through a continuous dissociative
transition8,9 or a first-order phase transition18Ð20 from
the molecular to the metallic phase. In view of this 
theoretical situation, reliable experimental data have
become valuable as a guide to theory. Shock-wave
experiments using light gas guns have produced
Hugoniot data on D2 (initial density ρ0 = 0.17 g/cm3)
up to 23 GPa (ρ = 0.58 g/cm3 and T = 0.39 eV), below

the transition.8,21 Recently, radiographic measurements
were made on the Hugoniot of liquid deuterium near
100 GPa employing a strong shock driven by an
intense laser beam.22 The few data indicated that the
shock density of the isotopes at 100 GPa was much
greater than had been predicted by established EOS
theories.7,17 The reason was attributed to the effects of
high-density-produced molecular dissociation.22

Here, we report further measurements on the deu-
terium EOS, which extend the earlier compression
data. In addition to our principal x-radiographic diag-
nostic, we have measured shock velocity and shock-
front reflectivity with an optical probe, and thereby
have obtained independent measurements of the shock
trajectories. The new data set, obtained with two inde-
pendent diagnostics, is internally self-consistent and
corroborates the earlier data. We have also observed
high optical reflectivities, characteristic of metallic con-
duction. This observation further corroborates the
recent model predictions that the high compressibility
is accompanied by transformation of the fluid into a
conducting state.
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Laser-Driven Shock Experiment
We used the Nova laser23 to shock liquid deu-

terium to pressures between 22 and 340 GPa, which
is a wider range of pressure than that in earlier
experiments. In addition, we verified that this range
spans the metalÐinsulator phase boundary. For each
experiment, the shock wave pressure P and density
ρ were determined from measurements of the shock
speed Us and the particle velocity behind the shock
Up using the Hugoniot relations P = ρoUsUp and ρ =
ρoUs/(Us Ð Up). Liquid D2 at 20 K was contained in a
1.5- or 1.0-mm-diam, 0.45-mm-long cylindrical cell
machined into a Cu block, as shown in Figure 2. 
One end of the cell was sealed with an Al or Be disk
that acted as a pusher; the outside of each pusher
was coated with 20 µm of either a polystyrene or Be
ablator. The pushers were 180 to 250 mm thick with
an rms surface roughness of 30 nm for Al and 90 nm
for Be. X-ray-transmitting windows consisting of 
5-µm-thick Be foils allowed us to perform radiogra-
phy transverse to the shock direction through the
sides of the cell. We also viewed the sample from
behind through a 0.5-mm-thick sapphire window. A
spatially smoothed Nova laser beam (λL = 527 nm)
with an intensity of 1013 to 3 × 1014 W/cm2 irradi-
ated the ablator for 5 to 10 ns. The ablator served to
minimize production of high-energy x rays in the
laser plasma. Several laser-spot-size configurations
were used over the course of the shots, from a 
400- × 600-µm elliptical spot to a 1-mm-diam 

circular footprint. The rapidly heated ablator drove
a shock wave into the metal pusher. Ideally, when
the shock wave reached the rear of the pusher, the
pusherÐD2 interface released into the D2 at the speed
Up while the shock wave propagated ahead at the
speed Us.

X-Ray Radiography
Using transverse radiography, we tracked the posi-

tions of the shock front and the pusherÐD2 interface as
a function of time to obtain measurements of Us and
Up for each experiment. The radiography source was a
laser-heated Fe foil located 12 cm from the cell. X rays
from the Fe backlighter passed through the cell and
into a KirkpatrickÐBaez microscope (bandpass of 
800 ± 50 eV) and then into a streak camera. The streak
camera slit subtended a strip 300 µm long by 5 µm
wide at the target. The slit image was magnified 82
times with a spatial resolution of 3 µm at the object
plane. 2D hydrodynamic simulations showed that
edge rarefactions would attenuate the shock wave
around its periphery. However, the simulations 
indicated that the shock wave would remain spatially
uniform and temporally steady in the center of the
shock wave for sufficient time to obtain accurate data.

The earlier experiments used only Al pushers to
obtain a maximum pressure of 210 GPa (Ref. 22). Here,
we extended the measurements to higher pressure
using Be pushers, which have a lower density than Al.
The significance of higher pressure is that on the
Hugoniot above the metalÐinsulator transition regime,
the compression must eventually approach a value of
four.6 Failure to exhibit this effect would call the exper-
imental methodology into question. Because Be is rela-
tively transparent to keV-energy x rays produced in
the laser plasma (and thus more likely to allow pre-
heating of the D2 sample), we inserted an x-ray-block-
ing layer of 1-µm-thick Au between the ablator and
pusher. The Au did prevent preheating of the D2, but it
also caused shock-wave reverberations in the pusher
that were not completely damped by the time the
shock wave released into the D2. The higher-pressure
shock waves achieved using Be exhibited more tempo-
ral variation immediately after release than those pro-
duced with Al, resulting in larger uncertainties in
measurements of Us and Up.

Figure 3 shows a streak radiograph of shock-
compressed D2 with a Be pusher. The pusher is opaque
to backlighter x rays, so the interface is the boundary
between the light and dark regions. At t = 0, the shock
wave crosses the interface, and the interface surface
begins to move. By 3 ns, the interface is moving at 
the final speed Up. Grazing incidence refraction of the
backlighter at the density jump across the shock front
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occurs at angles larger than the acceptance angle of the
microscope, so that the shock front is visible as a dark
line propagating ahead of the interface. The slope of
this line is Us. Absolute uncertainties in Us and Up
were determined from uncertainties in sweep speed
(0.3%), magnification (0.5%), and point selection and
deviation of the trajectories from linearity (1%).

Velocity Interferometry
The sapphire window at the back of the cell admit-

ted a probe laser. In the original experiments,22 the
probe was used in a Michelson interferometer configu-
ration, imaging the rear of the pusher through the
unshocked D2. The interferometer monitored the sur-
face position for evidence of radiative heating of the
target. The demonstrated lack of sample preheat
allowed us to use laser-driven shock waves for EOS
measurements.24

For these experiments, the probe laser (λP = 1.064 µm)
was used for velocity interferometry, a technique that
measures the Doppler shift of light reflected from a mov-
ing surface.25,26 This kind of experimental arrangement
is a standard tool available at many shock research facili-
ties and is known as a velocity interferometer system for
any reflector (VISAR). The reflected beam was imaged

onto the slit of a streak camera after passing it through
the interferometer. The recorded fringe shift is directly
proportional to the Doppler shift and, therefore, to the
velocity of the reflecting surface. Figure 4a shows an
example recording of a streaked interferogram from our
VISAR system. This particular experiment intentionally
produced a decaying shock that decelerated as it propa-
gated. For negative times on the scale in Figure 4a, the
recording shows the reflection from the Al pusher sur-
face prior to the emergence of the shock into the deu-
terium sample. For positive times, light was reflected
from the shock front. The drive-beam focal spot was
slightly nonuniform, and therefore produced a spatial
variation in the breakout time at the pusherÐdeuterium
interface, which is readily observable in the image.
When the shock emerged from the Al interface, the
reflected intensity dropped simultaneously with a shift
of the fringe pattern. 

Figure 4b shows the spatial variation of the fringe
intensity across the target at a single moment around 
t = 2 ns during the experiment. We extract φ from a fit
of the observed fringe intensity I to a sinusoidal func-
tion: I(x,t) = A(x,t) + B(x,t) sin φ (x,t). The measured
velocity25 is Us = λPφ(t)/4πτ(1 + δ), where τ (= 75 ps) 
is a delay time set by the configuration, φ(t) is the
phase, and δ is a small correction associated with the
interferometer.

Figure 4c shows how the fitted fringe phase varies
with time in the center of the recorded image. From
these data, we obtain a continuous record of phase,
and therefore shock velocity as a function of time. The
initial phase shift at t = 0 is ambiguous because the
streak camera cannot resolve the fringe motion quickly
enough during the 75 ps (τ) in which the fringes shift
to the new phase. A shift of one fringe is 7 µm/ns with
a resolution of <0.1 fringe. With high sensitivity, the
initial shift can be several fringes, whereas the record-
ing determines only the fractional part of the fringe
shift. We resolved the ambiguity by comparing the
velocimetry data with the radiograph of the shock tra-
jectory. At shock breakout, the raw phase shift was
Ð0.23 ± 0.05 fringes; the true phase shift was 2.77 ± 0.05
fringes, giving a shock speed of 18.9 ± 0.3 km sÐ1. In
the absence of an independent diagnostic, this ambigu-
ity can also be resolved by splitting the reflected light
and recording data from two velocity interferometers
with different sensitivities.

In Figure 5, we have integrated the extracted
velocity to determine the shock trajectory (position
as a function of time). We compare this with a
streaked radiograph of the shock trajectory recorded
simultaneously. Both trajectories agree within the
±3-µm uncertainty of the radiographic measure-
ment. In this example, the position inferred from 
the VISAR record after 6 ns is more accurate (we
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estimate about ±0.2 µm) because the integration
averages out random fluctuations in the phase, leav-
ing systematic errors as the dominant contribution.
This measurement also confirms unambiguously
that the Doppler-shifted optical reflection originated
directly from the shock front. Other possible choices
for the initial fringe offset (e.g., 1.77 or 3.77 fringes)
do not produce trajectories that correlate with any
other moving surface or interface in the experiment.

The agreement between two completely independent
experimental techniques strengthens our confidence in
the validity of the data produced by either diagnostic.

Optical Reflectivity
In addition to Us, the interferometer also supplied

instantaneous measurements of the (single-wavelength)
reflectivity of the shock front. The optical reflectivity as
a function of shock amplitude at the probe wavelength,
1064 nm, is plotted in Figure 6. At low shock pressures
(20 GPa), the reflectivity is a few percent. However, at
pressures greater than 55 GPa, the measured reflectivi-
ties are around 60%, characteristic of a metal. Because
the temperature of the shocked D2 is ~0.75 eV, much less
than the ionization potential, the high reflectivity must
be due to free electrons produced by a combination of
density and thermal effects. The temperature is much
less than the Fermi energy εF (~15 eV), so that the elec-
tron fluid is Fermi-degenerate. Because of this fact, the
velocity distribution of the charge carriers depends
mainly on density, and electron conduction is weakly
temperature dependent. In plasma physics, such an ion-
ization mechanism is referred to as pressure ionization.
With respect to condensed matter terminology, ionized
fluids with Fermi-degenerate conducting electrons are
usually referred to as liquid metals. This is the most
appropriate term to describe the high-pressure ionized
fluid at pressures greater than 55 GPa.
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Shock Compression Results 

At the lowest compression, the laser data agree with
gas-gun results8,21 (Figure 7). The most striking feature is
the pronounced compressibility observed at the same
pressure at which D2 becomes metallic. At 100 GPa, the
SESAME7 D2 Hugoniot density is 0.68 g/cm3 (ρ/ρ0 = 4),
whereas the data show a density of 1.0 g/cm3 (ρ/ρ0
= 5.88), an increase of 47%. The softer EOS is similar to
the models of SaumonÐChabrier16,18 and Ross.8,9 All of
these models use minimization of the free energy of a
mixture of molecular, atomic, and ionic species to deter-
mine species concentrations and establish the thermody-
namics of the mixture. The methods, and in particular 
the interspecies potentials, are different in each case. Ross
uses the expedient of a term determined by gas-gun
shock-wave data. The Monte Carlo simulations19 are the
closest to ab initio, i.e., an integration of the interactions of
a finite set of individual nuclei and electrons. They show
a high compression but at a low pressure. The high-
temperature ACTEX model27 also predicts a high shock
density. However, the paths to higher pressure of these
latter models lie to the low-density side of the data. A
Hugoniot calculated from data produced by tight-bind-
ing molecular dynamics,28 like SESAME, predicts only
slight effects of dissociation and ionization.
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Above the turnaround on the Hugoniot, D2 is a fully
dissociated, partially ionized metallic fluid, so that as
the pressure increases, the shock density is expected to
move closer to that of an ideal gas.6 This trend was
unclear in the original experiments. Here, the compres-
sion data above 200 GPa show a trend toward the ideal
gas compression (Figure 7b).

Summary
Our data offer an independent assessment of 

the EOS of hydrogen isotopes on both sides of the
metalÐinsulator phase transition. We have shown
that hydrogen is ~50% more compressible at the
transition than some theories predict.7,17,28 The
question remains as to whether this transition is 
continuous. The flattened Hugoniots for two EOS
models18,19 are the result of the Hugoniot passing
through a predicted first-order phase transition from
the molecular to the metallic state (Figure 7b). The
other methods assume a continuous transformation.
There is no evidence in the Hugoniot data for a first-
order phase transition; both shock trajectories and
reflectivity display a continuous variation from 25 to
70 GPa. Although there are significant uncertainties
in the data, they suggest that the metalÐinsulator
transition is continuous along the Hugoniot.
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Introduction
In a classical fluid model, when a light fluid acceler-

ates a heavier fluid, the interface is RayleighÐTaylor
(RT) unstable. As a result, any mass modulation at the
embedded material interface is unstable and can grow
when accelerated. However, when a material is in the
solid state, the strength of the material can counter the
effect of the RT instability. The parameters that define
whether a material is stable or unstable and undergoes
instability growth in the solid state depend on the
wavelength and amplitude of the modulation, acceler-
ation history, foil thickness, and material properties,
such as yield stress and shear modulus. 

Solid-state instability growth will occur in the plastic
flow regime. Plastic behavior is described by a semi-
empirical constitutive model1 that has been developed
for phenomena that occur at strain rates <105 sÐ1. Such
plastic flow has been characterized either microscopi-
cally by the theory of lattice dislocations, or macroscop-
ically by an effective lattice viscosity.2 The best
approach to describe the plastic flow of a material may
depend on the specifics of a particular experiment.
Neither approach has been well tested experimentally
at pressures over 1 Mbar or strain rates >108 sÐ1.

Analytically, stability boundaries can be defined, as
described by Lebedev et al.3,4 Such boundaries can be
used to determine whether material strength is suffi-
cient to inhibit plastic deformation, completely stabi-
lizing growth of a modulation. Outside the stability
boundary, the material may undergo plastic deforma-
tion, and the modulated interface may grow. Such
deformation and growth have been demonstrated by
Barnes et al.5 using Al plates with a preimposed 

surface modulation, where the plates are driven with a
high-explosive drive, and by Lebedev et al.3,4 using Al
and Ti plates in similar experiments.

We are conducting experiments on the Nova laser6

to study the plastic flow of metals at high pressure and
very high strain rates (107 to 108 sÐ1). Our experiments
are designed to compress Cu foils by a factor of 1.5 to
2.0 with staged shocks reaching peak pressures of
about 3 Mbar. The RT instability is the observable
ÒprobeÓ in such experiments, with departures from
classical (liquid) behavior characterizing the material-
strength properties at high pressure and compression.

In this paper, we present details of the hohlraum
target design and x-ray drive characterization for the
Cu foil experiment. We also present calculations of the
material state with this drive, and results from prelimi-
nary instability growth experiments using Cu foils
with a preimposed modulation. With an accurate
determination of the actual drive history, the Cu foil is
calculated to melt on decompression, but the instabil-
ity growth is calculated to be similar for Cu both as a
solid and a fluid. We discuss the stability boundaries
for solid-state plastic flow for the Nova experiments
and conclude with a discussion of an improved experi-
mental design using an Al foil, where the foil remains
solid throughout the experiment, and strength effects
should be considerably enhanced.

Experimental Details
The hydrodynamics experiments are conducted

using an x-ray drive created in a cylindrical Au
hohlraum. This x-ray drive accelerates a metal foil 
payload by ablation of a brominated polystyrene abla-
tor layer. A preimposed sinusoidal modulation is
located on the metal foil at the embedded interface.
The growth of the RT-unstable interface is then diag-
nosed by face-on x-ray radiography using a gated 
x-ray framing camera.7
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Figure 1 shows the target geometry. The hohlraum
(Figure 1a) is cylindrically symmetric with internal
shielding to prevent hard x rays from preheating the
Cu foil due to M-band emission coming from the laser
spots on the inner hohlraum wall. The hohlraum is
3.44 mm in diameter and 5.75 mm long. The laser
entrance holes are 1.2 mm in diameter, and the holes in
the internal shields are 1.6 mm in diameter. 

The hydrodynamics package shown in Figure 1b is
mounted on the side of the hohlraum. It consists of a
20-µm-thick brominated polystyrene [CH(Br)] foil
pressed in contact with the metal foil. The CH(Br) abla-
tor has a 3% atomic Br fraction to enhance opacity to
soft x rays. We typically use 18- to 19-µm-thick, oxygen-
free, high-conductivity Cu foils that have been rolled
and then machined to have a sinusoidal modulation.

Eight Nova beams generate an x-ray radiation envi-
ronment in the two laser-heated cavities of the target.
Reemitted x rays that pass through the holes in the
internal shields heat the central (x-rayÐheated) cavity
and ablate material from the CH(Br) ablator, launching
a series of shocks into the package. Without the inter-
nal shields, the 2- to 4-keV Au M-band component of
the spectrum of emission from the laser plasmas
would be absorbed throughout the full volume of the
package, potentially preheating the Cu foil and caus-
ing it to melt and decompress. With internal shielding,
the x rays incident on the ablator are generated by re-
emission from the regions of the wall that are not
directly illuminated by the laser beams. The spectrum
of these x rays is nearly Planckian, without a signifi-
cant M-band component. 

The x-ray drive ablates the brominated plastic,
launching a series of shocks into the metal foil, com-
pressing and accelerating it away from the hohlraum.
We diagnose the growth of the perturbed, unstable,

embedded interface by x-ray radiography using a large-
area (0.7-mm-diameter focal spot) backlighter. The back-
lighter is generated with two additional Nova beams
aligned to a separate Fe backlighter foil generating Heα
x rays at 6.7 keV. A 2- to 3-ns, square laser pulse shape
was used for these backlighter beams, and delays rela-
tive to the drive beams ranged from 5 to 14 ns. 

X-Ray Drive Measurement
The laser pulse shape is designed to generate an 

x-ray drive that launches two shocks, compressing the
Cu foil to a peak pressure of about 3 Mbar while main-
taining the metal foil in the solid state. This pulse
shape is shown in Figure 2. It has a peak-to-foot inten-
sity ratio of about 30. We have characterized the x-ray
drive using the Dante diagnostic8 and side-on foil 
trajectories.

The Dante diagnostic is a filtered array of absolutely
characterized x-ray diodes. The diodes are positioned to
view the spectral softÐx-ray emission from the inner
wall of the central section of the hohlraum through a Be-
lined diagnostic hole. With the high-contrast shaped
laser pulse, only the lowest energy channels of the
Dante detected signals, starting at about 1.0 ns. The
absolute signal levels from these diodes were used to
estimate the Planckian drive temperature, which started
at about 15 eV and rose to 40 eV at 3.5 ns. At tempera-
tures greater than 40 eV, enough channels recorded 
signals that a spectral unfold could be performed. The
measured radiation temperature rose from 40 eV at 
4.0 ns to 90 eV at the end of the laser pulse at 6.5 ns, 
and then slowly decayed as energy was lost into the
hohlraum walls and through the laser entrance holes.

The measured drive temperature in Figure 2 is
shown along with the laser pulse shape. Note that the
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Dante measures the reemission from the wall of the
hohlraum at the midplane. The package experiences
the x-ray drive that is incident on the wall, the incident
flux temperature TI, which is related to the measured
reemission flux temperature TR by the albedo9 α of the
wall according the equation:

(1)

We performed a full simulation of the hohlraum 
target using the LASNEX computer code,10 including
the laser power incident in the laser-heated regions, to
estimate the drive temperature at the package. This
resulting corrected drive is shown in Figure 2. As a
consistency check for the low-temperature foot portion
of the pulse, we analytically solve the power-balance
prescription from Rosen and Lindl.11 We consider 
the power flow in the laser-heated and x-rayÐheated
cavities of the internally shielded hohlraum. The laser
power that enters the laser-heated cavities is equal 
to the sum of the losses through the laser entrance
hole, losses into the wall, and power flow into the 
x-rayÐheated cavity. Similarly, the power flow into the
x-rayÐheated cavity is equal to losses to the hohlraum
wall and losses out to the laser-heated cavities.
Incorporating the temporal scaling of the wall albedo
from high-power, 1-ns drive experiments, we estimate
that the temperature of the foot at 1 ns is about 24 eV.
The LASNEX-simulated drive is in good agreement
with this scaling at 20 to 25 eV.

The peak portion of the drive was verified with a
side-on foil trajectory measurement. For this measure-
ment, we mounted a package consisting of 22-µm

CH(Br) with 13-µm Cu on the side of the hohlraum.
We recorded an x-ray shadow image of the foil as it
was accelerated away from the hohlraum using a high-
magnification (55×), x-ray streaked imager (Figure 3).
To match the overall motion of the foil, the albedo-
corrected drive is reduced in the simulations by 
only about 2% in radiation temperature TR for times 
t > 5 ns. This adjustment is interpreted as a correction
due to the uncertainty in the opacity of the ablator at
low drive temperatures, and in the initial Dante drive
measurement itself.

Using the simulated x-ray drive in the hohlraum,
we modeled the conditions in the foil package with 1D
LASNEX. Figure 4 shows the calculated temperature
and pressure at the embedded ablatorÐCu interface.
The x-ray drive ablatively launches two shocks into the
copper. The first shock arising from the low foot is
about 0.4 Mbar in the Cu, and the second is 3 Mbar.
Subsequent reflected shocks maintain the high pres-
sure until about 8 ns. At about this time, the material
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temperature at the interface exceeds the melt tempera-
ture, which we calculate by the Lindemann law 

(2)

where Tmo is the melt temperature at constant volume,
η is the compression of the sample, γ is the Gr�neisen
gamma, and a is the coefficient of volume dependence
of γ as defined by Steinberg et al.1

The low-isentrope drive is calculated to keep the foil
very near an adiabat throughout the experiment. Figure 5
shows the internal energy at the Cu interface plotted as a
function of density (compression) from t = 0 to t = 15 ns.
Note that this trajectory is sensitive to the temperature of
the foot of the shaped drive pulse. If the albedo correction
for the foot is incorrect, the timing of the first shock may
be incorrect. In particular, if the foot drive is much lower,
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then the second shock may catch up before it reaches the
interface, placing the metal foil on a higher adiabat and
potentially melting it. For the case of the actual drive, the
shocks overlap about half way through the foil, melting
the back side. The interface then melts with the rarefac-
tion. Adjusting the level of the foot to be somewhat
higher is one way to keep the temperature at the interface
below the melt curve for longer times, as discussed later.

Experiments to characterize the foot drive were
done using both active shock breakout12,13 and
dynamic Bragg diffraction techniques14,15 to measure
shock timing. For the active shock breakout measure-
ment, we used a displacement Michaelson interferom-
eter to measure motion of the back surface of a
17-µm-thick, Al flat target mounted on the side of the
hohlraum. Motion of the back surface due to the shock
transit and breakout through the foil is evident by a
shift in the fringe pattern, as shown in Figure 6.
Streaked interferometer data are shown in Figure 6a,



and the analyzed position as a function of time for the
back surface is shown in Figure 6b. This measurement
was done with an interferometer that operates at a
wavelength of 400 nm, so a full fringe shift corre-
sponds to one-half wavelength (0.2 µm) of motion at
the back surface.

The interferometer data show motion that may be
due to the breakout of the elastic precursor wave or to
some amount of preheat at the back surface of the Al
foil, and then the rapid motion and disappearance of
fringes as the main shock breaks out. We show simu-
lated position as a function of time for the back surface
with some imposed preheat to illustrate how this mea-
surement is affected by low preheat levels.

For the case of Bragg diffraction, we used a CH(Br)
ablator with a 40-µm-thick Si crystal as a surrogate for
the Cu foil mounted on the side of the hohlraum. A V
backlighter generated x rays at 5.3 keV, diffracting off
the crystal through the brominated plastic ablator.
When the shock transits the ablator and reaches the
interface, it compresses the Si lattice. This is observed
as a shift in the Bragg diffraction angle of the back-
lighter x rays. Figure 7 shows data obtained using this
technique with a square laser pulse shape.14Ð16 The esti-
mated shock strength in the Si for this experiment was
350 kbar, compared to the calculated 650-kbar first
shock strength in Cu for this shaped x-ray drive. Note
that the presence of the diffraction signal under shock
compression is consistent with the assumption that the
Si remains solid under compression. 

Instability-Growth Experiments
Sinusoidal modulations with amplitudes of 1.0 to

2.5 µm, and wavelengths of 20 and 50 µm, were
machined in the Cu foils. A 20-µm thickness of bromi-
nated plastic ablator was pressed onto the modulated
foils, and then the package was mounted over a hole in
the side of the hohlraum. The x-ray drive ablatively
launched a series of shocks to compress and accelerate
the metal foil away from the side of the hohlraum.

We recorded radiographic images of the foil using
6.7-keV Fe x rays. Up to 16 images were recorded on
four independently timed microchannel-plate
striplines on each laser shot, using a flexible x-ray
imager17 with a 230-ps gate pulse. The modulation
amplitude in optical depth was calculated by Fourier
analysis at each time. The Fourier amplitude was nor-
malized to the initial contrast in optical depth, which
we measured on a separate shot. 

Figure 8a shows the instability growth factors for 
λ = 50 µm, 2.5-µm-amplitude modulations; Figure 8b
shows the growth factors for λ = 20 µm, 1.0-µm-ampli-
tude modulations. In these experiments, the ablatorÐ
metal interface moved only about 40 µm during the
time the measurements were made, and the overall
growth factors were small, which means the modulation
remained nearly linear. As a result, when we normalize
the measurements with the initial (measured) contrast
at that wavelength (x-ray mean-free-path and instru-
ment resolution function), the instrument resolution
(modulated transfer function Å 0.65 at 8× instrument
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magnification for λ = 50 µm, and 0.6 at 12× for λ = 20 µm)
is removed from the measurement.

Figure 8 also shows the growth factors simulated
with LASNEX using both a fluid model, and the con-
stitutive material strength model described by
Steinberg et al. Separate calculations are shown in
Figure 8 for experiments where the peak portion of the
laser pulse shape was reduced by about 20% (indicated
on the figure by Òlow driveÓ) because the growth is
sensitive to the actual drive history. The difference
between the fluid and material strength simulations
for λ = 20 µm and 50 µm is small. For the 50-µm wave-
length case, the simulations are nearly identical. For
the 20-µm wavelength case, material strength leads 
to about 20% less growth, but the difference due to
variation in the laser power history for the different
shots is about this order, making it difficult to confirm
that reduced growth is due to the material strength at
λ ³ 20 µm with these Cu foils.

By extending the simulations to shorter-modulation
wavelengths, λ < 20 µm, we observed a greater effect
due to material strength. The calculated growth factors
for a range of wavelengths from 5 to 50 µm are shown
in Figure 9, plotted after the interface moved a distance
of 20 µm. The enhanced difference between fluid and
strength modeling at λ ² 20 µm suggests that with
some modifications we should be able to observe the
effect of strength stabilization in the Nova experi-
ments. Measuring perturbation growth factors at λ = 5
to 10 µm with gated pinhole imaging is problematic
because of reduced exposure levels and diffraction
effects with apertures smaller than 5 µm. As a result,
this experiment would be improved with a design in
which longer wavelengths would be stabilized.

Strength Stabilization
The pressure-enhanced yield strength and shear

modulus are given in the strain-rate-independent con-
stitutive model by Steinberg et al. as

(3a)

and

(3b)

where Y is the yield strength, G is the shear modulus, ε
is the strain, and η is the compression. In this formula-
tion, the pressure P and temperature T dependence
and the effect of work hardening β are included. The
initial value for yield strength is Y0 =1.2 × 10Ð3 Mbar,
and the initial value for shear modulus is G0 = 0.477
Mbar for a Cu foil. 

At a shock pressure of 3 Mbar, the Cu foil is com-
pressed by about a factor of >1.5, at which point the
yield strength is 50 kbar, enhanced by a factor of about
40 over the nominal value Y0. The shear modulus is
about 3.6 Mbar. Under these conditions, the yield
strength is exceeded by more than one order of magni-
tude, putting the foil into the plastic flow regime and
allowing for instability growth in the solid state.

Estimates can be made as to whether the modula-
tion on the Cu package grows or not, based on a stabil-
ity boundary analysis assuming steady-state
conditions. The Miles criterion, based on linear the-
ory,18 assumes a modulation amplitude η0 much
smaller than the wavelength. It establishes that for a
semi-infinite slab with a modulated surface, the modu-
lation is stable if its wavelength is shorter than the cut-
off wavelength

(4)

where g is the acceleration. Including the finite thick-
ness of the foil, Lebedev et al. extend the Miles theory
and predict this cutoff is at 

(5)
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where c is the speed of the shear wave, and λ° corre-
sponds to the Miles cutoff wavelength, Eq. 4. For the
conditions of this experiment, λc = 30 µm. Therefore, at
λ = 20 µm, which is below the cutoff wavelength, per-
turbations with very small initial amplitude under
steady-state conditions should not grow.

We observed, however, that the λ = 20 µm modula-
tion grows in both the experiment and the simulation.
Growth results because the amplitude exceeds the crit-
ical amplitude given by Lebedev et al. This amplitude
cutoff is given by the expression

(6)

where

(7)

is the wavelength-independent critical amplitude thresh-
old to instability growth from Drucker.19 For these exper-
iments, at λ = 20 µm, the amplitude threshold is <1 µm,
which is much too small to diagnose by x-ray backlight-
ing using a hardÐx-ray backlighter at 6.7 keV. 

To design an experiment in a regime with a much
greater reduction in growth due to material strength,
we must consider a material with a lower density and
a larger value for the derivative of the yield strength
with pressure to maximize the effect of strength on
the RT instability growth. Aluminum is one such
metal, with a pressure derivative of the yield strength
that is a factor of 2 larger than that for Cu. For 7075

(or 6061) Al, which has an initial yield strength of 
4.2 kbar, we calculated the growth of 20-µm wave-
length with and without strength using an initial
amplitude of 0.5 µm. The case with strength grows
less than a factor of 2, whereas the fluid case shows 
a growth factor of about 5 at t = 12 ns (Figure 10a).
Note that to time the shocks so that they do not 
overlap in the metal foil, the foot portion of the 
drive is raised and lengthened (Figure 10b). With 
this design, the peak pressure in the Al is 1.4 Mbar,
and the foil is calculated to remain solid through-
out, as indicated by a plot of the internal energy 
trajectory in Figure 11.
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Summary
We have developed an x-ray drive to shock-compress

metal foils in the solid state using an internally shielded
hohlraum with a high-contrast shaped laser pulse. We
used a combination of Dante measurements, side-on
foil trajectories, and shock-timing measurements to
develop an understanding of the x-ray drive.
Hydrodynamic experiments that are designed to study
growth of the RT instability in the plastic-flow regime
have been started. Measurements of initial 20- to 50-µm
wavelengths and 1- to 2.5-µm amplitude perturbations
are presented and compared with simulations in this
paper. For this experiment, the growth of the instability
in fluid and solid states were calculated to be nearly the
same. Analytic stability analysis is consistent with the
instability growing in the plastic-flow regime. How-
ever, by redesigning the experiment to use an Al foil,
the foil will remain in the solid state throughout, and
the effect of material strength may be enhanced consid-
erably, allowing us to conduct experiments on either
side of the stability boundary.
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Introduction
The prospect of ignition in inertially confined fusion

(ICF) targets challenges our ability to diagnose fuel
conditions within the implosion. A collaboration of
efforts at Lawrence Livermore National Laboratory
(LLNL), Massachusetts Institute of Technology (MIT),
and the University of Rochester (UR) is developing the
technique of charged-particle spectroscopy to help
meet the challenge. This diagnostic technique will

measure signals sensitive to the yield, areal density
(fuel and core), and asymmetry of implosions.1 Such
measurements will help guide the achievement of
fusion pellet ignition. Table 1 illustrates the variety of
fusion reaction products that can be measured by
the technique of charged-particle spectroscopy to
provide a detailed picture of conditions in the fusion
implosion.

Depending on the yield and density attained in com-
pression, various charged-particle reaction products will
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TABLE 1.  Nuclear reactions and reaction products from fusion reactions.

Observeda in
Reaction type Reactions spectrometer data

Primary fusion reactions D + D → T (1.01 MeV) + p (3.02 MeV) T, p
→ n (2.45 MeV) + 3He (0.8 MeV)

D + T → α (3.5 MeV) + n (14.1 MeV) α
D + 3He → α (3.6 MeV) + p (14.7 MeV) α, p

Secondary fusion reactions 3He (0.82 MeV) + D → α (6.6Ð1.7 MeV) + p (12.5Ð17.4 MeV)
T (1.01 MeV) + D → α (6.7Ð1.4 MeV) + n (11.9Ð17.2 MeV)

14.1-MeV neutron knock-ons n (14.1 MeV) + p → nÕ + p (²14.1 MeV)
n (14.1 MeV) + D → nÕ + D (²12.5 MeV) D
n (14.1 MeV) + T → nÕ + T (²10.6 MeV) T

30.8-MeV tertiary reaction chain D + T → α (3.5 MeV) + n (14.1 MeV) (step 1)
n (14.1 MeV) + D → nÕ + D (²12.5 MeV) (step 2)
D (12.5 MeV) + 3He → α + p (²30.8 MeV) (step 3)

aIn this column, p = protons, D = deuterons, T = tritons, and α = alphas



escape the compressed fuel and can be exploited for
diagnostic measurements. The reaction products include
primary products, such as protons in deuteriumÐdeu-
terium (DD) fusion at low areal density. As areal density
increases, higher-energy neutron knock-on products or
secondary reaction products can be detected. At still
higher areal density, energetic tertiary protons with birth
energies from 27 to 30.8 MeV will characterize the com-
pressed fuel of igniting implosions. Areal density mea-
surements in different directions can be made with
multiple spectrometers to determine the symmetry of the
final fuel configuration. Measure-ment of Doppler broad-
ening of the spectra of these charged particles will pro-
vide information on the temperature of fusion reactants.

Diagnostic Technique
The challenge of determining the energy spectra 

of protons, deuterons, tritons, or alphas from an ICF
target is that for every particle, there are two quantities
to be measured: energy and mass. To determine these
independent unknowns, two measurements must be
made. The spectrometer resolves this degeneracy, 
with a 7.6-kG dipole magnet to disperse the particles
in momentum before they are detected, enabling the
position of the particle event in the detector plane 
to be used as one measurement and the strength of 
the detection signal as the second. For example 3-MeV
protons, 1-MeV tritons, and 3-MeV alphas follow 
the same path through the magnetic field, but they
deposit quite different energies in a charged-coupled-
device (CCD) detector or make different-sized tracks 

in CR-39 plastic film.2 Thus, the two independent 
measurements necessary to determine mass and
energy are provided. Figure 1 shows the layout of the
proposed magnet and detector system.

Spectrometer Design
The design of the magnet was driven by the need

to view a particle spectrum from 1-MeV protons up to
10.6 MeV, to maximize the particle signal, and to be
compatible with the UR Omega experimental facility.
From such considerations, the 7.6-kG NdÐFeÐB dipole
magnet shown in Figure 2 was constructed by Dexter
Corporation.3 The pentagonal shape was necessary to
allow the magnet to be positioned close to the target
without obstructing the laser beams. The magnet has
a 2-cm gap with better than 2% field uniformity in its
central region. Use of 1.5-cm-thick shunts to smooth
edge fields reduces fringing fields to 50 G at 7 cm
from the magnet.

Instrumentation
Various detectors are being considered for the 

focal plane of the spectrometer. CR-39 track detectors
are being used in the development of this diagnostic
to establish its utility with minimum development
effort and to obtain useful data in a radiation and
electrically noisy environment. In parallel, a CCD
array is being tested as an alternative focal plane
detector. Preliminary data will be obtained by placing
track detectors and one or two CCDs in the detector
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Target

50 keV

200 keV

600 keV
1.0 MeV

3.0 MeV 10 MeV

30 MeV

7.6-kG magnet

FIGURE 1. Concept for
charged-particle spectrometers
(CPSs), showing how particles
from a target implosion follow
different trajectories through a
magnet. The magnet separates
particles according to momen-
tum/charge. Particle detection
and energy measurement (to
uniquely identify the species
and energy) are accomplished
in spectrometer CPS-1 by CR-39
track detectors. CR-39 will also
be used initially in a second
spectrometer (CPS-2), but the
detector will eventually be aug-
mented by CCDs.
(08-00-1198-2441pb01)



plane of the magnet. Because the energy resolution of
CR-39 film is poor (compared to that of CCDs), the
track-based spectrometer will derive its energy reso-
lution from the magnet. The presence of the magnet
removes many of the limitations placed on CR-39
detectors in previous studies of knock-on, charged-
particle spectra.

CCDs are extremely sensitive detectors of radiation
and can easily detect individual charged particles in
the MeV range, which deposit 10 to 100 times as much
energy as x rays of a few keV. Unlike x rays, charged
particles deposit their energy along their entire path
through silicon, allowing them to be detected with
100% quantum efficiency. However, because the sensi-
tive depth of a typical back-illuminated CCD is usually
no more than 10 to 15 µm, and because light ions in the
MeV range have a range of tens to hundreds of
microns in silicon, only a fraction of the incident parti-
cle energy is recorded by the device. Nevertheless,
through the use of well known stopping formulas,
such as the BetheÐBloch formula, and a known value
for the sensitive depth, the energy recorded by the
CCD is a direct measure of the incident particle energy
for a given particle type. 

The positioning of a particular CCD in the dis-
persed particle beam exiting the magnet determines
the energy window that it will see, as shown in
Figure 1. Within this restricted energy window, it is
possible to uniquely attribute every particle event to
a proton, deuteron, triton, or alpha at a specific

energy, breaking the degeneracies that existed with-
out the magnet (where the detector would see all
particles at all energies).

The Integrated System
Figure 3 is a diagram of the integrated magnet and

CCD system. The support module mounted to the 
vacuum chamber wall allows the magnet entrance slit
to be placed as close as 60 cm from the target. Much of
the structure volume and region outside the structure,
between the magnet and target, is filled with lead-
impregnated, borated polyethylene (PbÐBÐPE) to 
thermalize and capture a substantial fraction of the
copious direct and scattered neutrons and gammas
generated by the target. A beam dump is incorporated
to minimize the number of scattered neutrons and
gammas from the direct line of sight. For high-yield
shots, the entire magnet and CCD system can be
retracted, whereas for low-yield shots, the magnet
entrance slit is adjustable up to 2 cm wide and 1 cm
high. The slit is covered by a light-tight, 25-µm Be 
window to prevent laser and other light sources in the
visible and near-visible range from flooding the detec-
tors. In addition, this window (and other insertable
windows) will allow the entire diagnostic system to
maintain a vacuum separate from that of the target
chamber, enabling easy access into the diagnostic area
when maintenance is required. Seven 512 × 512 CCDs
are placed in the exit plane, as shown, to cover the
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FIGURE 2. One of two identical 7.6-kG magnets fabricated for
charged-particle spectrometers CPS-1 and CPS-2. The longest dimen-
sion of the magnet is 28 cm, and the gap width is 2 cm. This magnet
weighs ~73 kg, and the force between the poles is 2900 kg. Although
deployed in the Omega experiment, preliminary studies indicate that
it is also suitable for a National Ignition Facility (NIF) charged-particle
spectrometer. (08-00-1198-2439pb01)
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FIGURE 3. The CCD system, with approximate dimensions shown
in centimeters. To minimize direct and scattered neutron and gamma
noise, large amounts of PbÐBÐPE shielding will be incorporated.
(08-00-1198-2442pb01)



energy range from 1-MeV protons up to 10.6-MeV tri-
tons. Each CCD is cooled to about Ð20¡C using thermo-
electric coolers. The CCDs and their electronics are
custom configured to allow the arrays to be placed as
close together as possible, minimizing dead space.
Data is transferred via fiber-optic cables to minimize
electronic pickup.

Predicted Performance

Energy Resolution
The energy resolution of this device may be deter-

mined by either the detectors or the magnet. A con-
servative estimate puts the total CCD resolution at
better than 5%. For a slit width of 5 mm, the magnet
resolution varies from 1% at low energies to 9% at
high energies. For this and smaller slit widths, the
magnet provides resolution comparable to that of the
CCD. With CR-39 track detectors at the focal plane,
the mass is well determined, but there is little energy
information, so the magnet resolution dominates.

Operating Yield
For lower-yield experiments, the diagnostic will

operate at 60 cm from the target with a 1-cm-high by 
2-cm-wide entrance slit, giving a solid angle of 4.4 × 10Ð5

steradians. At a yield of 109 deuteriumÐtritium (DT)
neutrons and a ρR of 10 mg/cm2, ~100 knock-ons will
be detected. When the neutron yield is 1013, a 1-cm-
high by 1-mm-wide magnet entrance slit placed at the
vacuum wall (160 cm from the target) will result in
detection of 104 knock-ons when ρR = 10 mg/cm2 .
This diagnostic can thus span four orders of magni-
tude in DT yield.

Signal-to-Noise Ratio
The main sources of noise in the system will be from

the 14-MeV neutrons and their associated gammasÑ
both direct and scattered. Because of the complex
nature of the interactions of neutrons with the sur-
rounding target chamber, it is extremely difficult to
precisely predict the noise sensitivity of the CCD to
this type of radiation environment. To obtain an esti-
mate of the noise levels, however, the CCDs were
exposed to 14-MeV neutrons from the MIT CockcroftÐ
Walton accelerator, and an ÒeffectiveÓ neutron sensitiv-
ity of 2 × 10Ð3 was obtained. A simple calculation of the
number of direct neutron interactions with the sensi-
tive region of the CCD predicted a sensitivity lower by
a factor of 20, and we believe that the discrepancy is

caused by neutron-induced gamma interactions.
However, because most of these interactions produce a
small response in the CCD, the events will fall below
the charged-particle signal levels of interest, and they
may be rejected.

Furthermore, the magnet provides an additional
means of noise rejection. Because each CCD is
restricted to viewing a narrow particle-energy window
by virtue of its position in the dispersed particle beam,
any noise events that occur outside the designated
energy window can be discarded. Thus, a calculation
of the instrument signal-to-noise ratio using the neu-
tron data must take into account the spectral quality of
neutron interactions, and not just the absolute sensitiv-
ity. In addition, Monte Carlo simulations and experi-
mental measurements have indicated that 60 cm of
PbÐBÐPE shielding attenuates the neutron flux by more
than a factor of 100.

From these considerations, the signal-to-noise ratio
for a DT yield of 1011 and ρR = 10 mg/cm2 with the
5-mm × 1-cm magnet slit at 60 cm from the target can
be calculated. For the 512 × 512 CCD in the high-
energy part of the dispersed beam, 350 tritons (from
6.2 to 10.6 MeV) and 200 deuteron knock-ons (from 9.3
to 12.5 MeV) will be detected. The number of neutron
and associated gamma events in these ranges, which
were predicted on the basis of CCD neutron measure-
ments, give signal-to-noise ratios of 160:1 for tritons
and 400:1 for deuterons.

CCD Damage
While testing the response of 512 × 512 CCDs to pro-

tons, alphas, and neutrons, we have seen an increase in
the dark-current level of individual pixels with irradia-
tion levels of ~109/cm2 , probably due to single-hit
damage. On a cooled device that is read out rapidly,
the effects of such increased dark current are negligi-
ble. The levels of irradiation on the Omega chamber
are expected to be much less than those to which the
device has already been exposed. 

For CR-39 plastic track detectors, noise and damage
are minor concerns solved by care in handling and
etching the material. This fact makes CR-39 a good
choice for demonstrating the utility of the technique
during the test phase.

Testing the Technique
During the charged-particle spectrometerÕs design

and construction, tests were conducted of the response
of various components to charged particles produced
in fusion reactions and the chamber environment of
radiation and electrical noise. The first tests employed
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FIGURE 4. Simulated CCD spectra. To estimate what data may actu-
ally look like for various CCDs in the magnet-based spectrometer
during real shots, calculated spectra for particles of interest were
superposed on an actual noise spectrum taken during an Omega DT
shot with neutron yield = 4.1 × 1011. The plot represents the expected
spectrum at an appropriate CCD position. (08-00-1198-2443pb01)

small accelerators to produce the charge particles of
interest. Both CR-39 and CCD detectors were exposed
to protons in the range from 1 to 14 MeV. For CR-39,
our tests helped in developing etching and imaging
techniques, which gave good sensitivity and reliability
for measuring track number and size distributions. The
track size distributions were calibrated with particle
energy, and automatic scanning, sizing, and counting
algorithms were developed.4 Similar tests on CCDs
established their utility for determining particle energy
and mass. Tests on the CCD arrays provided confirma-
tion of the calculated response to charged particles and
calibrated them.5

Tests were then carried out on fusion implosion
experiments, beginning with CR-39 exposed to DD and
DT implosions at the LLNL Nova facility. Track sizes
consistent with those obtained for accelerator expo-
sures, as well as consistent with the yield observed in
neutron diagnostics, gave us confidence in CR-39 as a
detector. The DT exposures were dominated by neu-
tron-induced tracks, which made clear the need for
good shielding in the spectrometer design.4 Tests of 
the CCDs on fusion experiments were carried out at
the UR Omega facility. These tests demonstrated that
neutron-induced noise could be reduced by shielding

FIGURE 5. The CR-39 detector holder (seen from below) for CPS-1.
Fifteen finger plates that support the CR-39 film are assembled in
four rows. At the top of the picture is a small, adjustable entrance
slit. On the bottom, a finger plate with crossed wires holds x-ray film
used to monitor alignment. (08-00-1198-2444pb01)

that would fit within the space available between the
laser beams. Detection of fusion charge particles in the
presence of this background was simulated using the
measured neutron-induced background and adding
accelerator-produced, charged-particle data, as shown
in Figure 4. The detection of charged particles from a
fusion implosion must await the installation of CCDs
in the focal plane of the spectrometer.

Full systems tests with two magnets have been car-
ried out on the UR Omega facility using CR-39 as the
focal plane detector. A holder shown in Figure 5,
which permits easy and reproducible positioning 
of the CR-39 film in the focal plane of the magnet, 
was constructed. Exposures have been obtained with
DD, D3He, and DT implosions. An example of the 
performance of the magnet and CR-39 in sorting out
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FIGURE 6. DD proton, DD triton, and D3He alpha tracks in CR-39
from Shot 11585 with a D3He target. This piece of CR-39 was posi-
tioned at finger D5 in the spectrometer, behind a 6-µm Al filter. The
~3.3-MeV DD protons and ~1.1-MeV DD tritons have the same posi-
tion on the focal plane of the magnet. In addition, due to the energy
spread of D3He alphas (some having energies down to 3.3 MeV), all
three types of particle actually appear at this position. However,
each particle type can be distinguished easily by its diameter, which
is a function of stopping power. This image emphasizes a key con-
cept of the new spectrometer: different charged fusion products with
the same magnetic paths have very different stopping powers,
allowing unique particle identification. 
(08-00-1198-2440pb01)
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FIGURE 7. A track diameter histogram for the Òtriple degeneracyÓ
position around the region shown in Figure 6. In this region, DD pro-
tons, DD tritons, and some lower-energy D3He alphas all have the
same magnetic paths. However, their differing stopping powers
allow each particle type to be uniquely identified. At these energies
(3.3 MeV for protons, 1.1 MeV for tritons, and 3.3 MeV for alphas),
the alphas have the largest stopping power, and the protons the
smallest. (08-00-1198-2445pb01)

the multiple species from a D3He exposure is shown in
Figures 6 and 7. In Figure 6, the mix of alphas, tritons,
and protons can be seen in the different track sizes.
The histogram in Figure 7 demonstrates identification
and counting by the automated system. Typical DT α,
DD p, DD t, D3He p, and knock-on spectra from these
tests are shown in Figure 8. Parameters such as yield,
ion temperature, and areal density can be extracted
from analyses of these spectra and compared with
such parameters obtained by other techniques. The
details of  analyses and comparisons will be the 
subject of a future paper.

Conclusions

A novel diagnostic for laser fusion implosions has
been developed through a collaboration of LLNL,
MIT, and UR scientists. The technique of charged-
particle spectroscopy employs a permanent magnet
spectrometer and permits the use of various detec-
tion techniques to measure the spectra of charged,
energetic nuclear reaction products emitted during
the fusion implosion. Properties of the fusion
plasma, such as yield, areal density, temperature,
and symmetry, may be inferred from the charged-
particle spectra. Testing of the technique on fusion
implosions has successfully demonstrated its utility
as a diagnostic tool for these fusion parameters.
Qualitative agreement with other yield measures
has been demonstrated. Detailed analyses and com-
parisons will be the subject of a future paper.
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FIGURE 8. Typical spectra obtained from DT, DD, and D3He shots on Omega with CR-39 detectors in
the spectrometer focal plane. (a) DT alpha spectrum from shot 11739. From the Gaussian fit, the mean
energy was 3.67 MeV (± ~1%) with a width of 0.39 MeV, while the yield was 1.01 × 1013 (±15%). (b) DD
proton spectrum from Shot 11763. From the Gaussian fit, the mean energy was 3.18 MeV (± ~1%) with a
standard deviation of 0.15 MeV, while the yield was 2.89 × 1011 (±15%). In this instance, the proton ÒlineÓ
happened to straddle the 3-mm dead space between finger positions D3 and D5, as indicated by the gap
in the spectrum. (c) DD triton spectrum from Shot 11763. From the Gaussian fit, the mean energy was
1.08 MeV (± ~1%) with a standard deviation of 0.15 MeV, while the yield was 2.55 × 1011 (±15%) (consis-
tent with the proton yield). (d) D3He proton spectrum from Shot 11763. From the Gaussian fit, the mean
energy was 14.85 MeV (± ~1%) with a standard deviation of 0.33 MeV. The yield was 6.57 × 109. The
width of the peak is slit-resolution-limited, because the physical width of this proton line (2 mm) is com-
parable to the slit width (1 mm). The protons were ranged through 1000 µm and 1100 µm of aluminum to
make them easily detectable in CR-39. (08-00-1198-2446pb01)
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Introduction
The fusion diagnostic gamma-ray experiment

(FUDGE), essentially a magnetic Compton spectrome-
ter combined with a Cherenkov detector, is a high-
bandwidth fusion diagnostic for the National Ignition
Facility (NIF). Nuclear diagnostics will play a critical
role in the success of future inertial confinement fusion
(ICF) experiments at the NIF. Diagnostics must go
beyond measurement of fusion yield to characterizing
details of the fusion burn. Imaging and temporal mea-
surements are important because they provide data for
comparison with theoretical predictions. The compar-
isons show how details of fusion behavior depend on
target and experiment design. These data will serve as
the basis of an iterative process of design and experi-
ment that will lead to optimization of fusion perfor-
mance. 

Neutron and x-ray images are important for under-
standing how to compress an ICF target to the desired
size and shape. Images provide a direct indication of
the integrity of the compressed target during the
fusion burn. Such data can give clear indications of
high-quality performance and can also provide evi-
dence of imperfect target compression in unsuccessful
experiments. Image data go far beyond indications of
success or failure by indicating how the spatial distri-
butions of the source might be related to performance
in experiments. These results can suggest specific
approaches for improving performance for subsequent
experiments.

Burn-history measurements of emission rate can
serve as indicators of the instantaneous source temper-
ature and other details of behavior that are not evident
in time-integrated images. In addition to following the
instantaneous reaction rate, the data are highly sensi-
tive to instantaneous temperature (rate ∝ T5). When com-
pared with images, the reaction rate can be used to

infer source temperature, or to provide independent
indication of unexpected behavior. Again, as with
images, time-dependent behavior can help to suggest
approaches for improving system performance.

The NIF will require new burn-history diagnostics
because the techniques that have been used tradition-
ally will no longer be feasible. The relatively low
fusion yields of previous experiments have made it
possible to place detector components a few centi-
meters from the source, where temporal dispersion of
neutron signals can be small.1 In addition, streak cam-
eras could be located a few tens of centimeters from
the source without suffering serious radiation damage.
At the NIF, physical constraints and high radiation
doses in the target chamber will force diagnostic com-
ponents to be located at distances of the order of
meters from the source, where temporal broadening of
neutron signals will mask the source pulse shape.

Gamma-Ray Diagnostics
One promising approach to burn-history measure-

ments at the NIF is with diagnostics based on the 
16.7-MeV γ ray associated with (D,T) fusion. This γ ray is
ideal for measuring (D,T) fusion reaction rates because it
is free of the temporal dispersion that frustrates neutron-
based measurements. The presence of this γ ray is well
known, although associated spectrum and Òbranching
ratioÓ have proven difficult to measure accurately. The
most recent measurement finds for 3H(d,γ)5He/3H(d,α)n
a branching ratio of 1.2 × 10Ð4, with the γ rays in two
broad lines at 11.5 (FWHM Å 7 MeV) and 16.7 (FWHM
Å 2 MeV) MeV (Ref. 2). This result is within the range
of 2 × 10Ð5 to 3 × 10Ð4 that had been reported in previ-
ous measurements. The rather small branching ratio
means that γ-ray measurements of (D,T) fusion 
reaction rates are practical only for intense short-
pulse experiments. For weaker sources, neutron 
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backgrounds make it extremely difficult to extract the
desired γ-ray signal.

Several approaches have been used previously for
designing a fusion γ-ray diagnostic. Filtered and heav-
ily shielded scintillation detectors have been used in
tokamak experiments.3 Cherenkov detectors and gas-
Cherenkov detectors have been discussed, sometimes
in tandem with magnetic Compton spectrometers.4,5,6

These attempts were often frustrated by small signals
in the presence of large neutron backgrounds. With the
large emission rates anticipated for NIF experiments, it
becomes possible to choose a γ-ray diagnostic design
having an excellent signal-to-background ratio with
high-bandwidth signal recording.

Three basic considerations constrain the design of a
fusion γ-ray diagnostic: (1) the instrument should pro-
vide sufficient energy discrimination to eliminate sig-
nals from lower-energy γ rays generated by (n,nÕγ) and
other nuclear reactions; (2) the diagnostic also must
feature some form of energy dispersion, as the spectral
resolution must be achieved in single-shot measure-
ments; and (3) the detector should be fast and have
sufficient sensitivity to measure the rays. These
requirements can be met by a magnetic Compton spec-
trometer with a Cherenkov detector (i.e., the FUDGE). 

In a Compton spectrometer, γ rays scatter electrons
from a (γ,eÐ) converter target. The recoil electrons, after
energy selection in a sector magnet, are detected in a
high-gain, high-bandwidth Cherenkov detector. The
three componentsÑthe (γ,eÐ) converter, the sector
magnet, and the Cherenkov detectorÑcan be designed
for optimum performance from the overall system.

The (γ,eÐ) converter, although very simple, offers
choices with respect to scattering cross section and
type of material. At a first glance, the rather large total
cross section associated with pair production would
suggest that thin, high-Z targets be used as the con-
verter (Z is the atomic number of the target material).
However, multiple scattering, energy loss, and loss of
spectral signature are significant disadvantages for
pair production. Pair production increases with Z2, but
so does multiple scattering. Energy loss in dense, high-
Z materials compounds the undesirable effects of mul-
tiple scattering. The flat energy spectrum of electrons
from pair production reduces the benefits that might
be obtained from spectral resolution.

Compton Scattering
Compton scattering is a (γ,eÐ) converter mechanism

that, despite its smaller total cross section, lends itself
nicely to a fusion-γ diagnostic. The differential cross
section (i.e., the KleinÐNishina formula) peaks in the
forward direction with an angular width of about 1/Eγ.
For 16.7-MeV γ rays, the majority of the recoil electrons
are in a narrow (width Å 3¡), forward-directed cone

with energies near that of the original γ ray. Thick, 
low-Z Compton converters maximize the conversion
efficiency while minimizing the effects of multiple 
scattering.

Figure 1 shows a comparison of (γ,eÐ) conversion 
for 16.7-MeV photons in targets that optimize the effi-
ciency for pair production and Compton scattering.
The pair-production target is 0.5 mm of Pb, while the
Compton target is 5 mm of Be. The distributions are
calculated with the Gluckstern et al.7 formulation for
pair production and the KleinÐNishina formula8 for
Compton scattering. In the model used here, the tar-
gets are divided into about ten thin layers. Electrons
scattered from individual layers are transported, with
energy loss9 and multiple scattering10 used to estimate
contributions to the overall conversion flux from the
converter. The distribution has 0.5-MeV energy incre-
ments and 3¡ angular bins.

The results show that the larger total cross section of
pair production produces a distribution that cannot be
collected efficiently either in space or in energy. The
total cross section for Compton scattering, although
about 16 times smaller, is directed into a narrow beam
with good energy definition. The forward-directed
peak is about twice as intense as the pair-production
peak. Thus, in a diagnostic where good energy dis-
crimination and well defined trajectories are required,
Compton scattering is the desirable choice.

Magnetic Analysis
The recoil electron beam must be collected and

energy analyzed efficiently in order to achieve good
performance. This function is accomplished with a 
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sector-magnet dipole.4 With a deflection angle of 30¡,
spectral dispersion can isolate the desired broad band at
about 16 MeV. The deflection trajectories also function
as a collecting lens. With slight non-normal incidence on
the magnet, the magnet functions as a cylindrical lens in
the vertical direction. Figure 2 illustrates the electron
optics of the system.

This compact design has sufficient energy resolution
to collect the desired electron energies, while rejecting
lower-energy electrons strongly. Figure 2 shows that 
8-MeV electrons will be very strongly deflected, and
electrons with still lower energies will be unable to exit
the magnet assembly. Because most of the photon
background will have energies below 8 MeV, the mag-
net will be an effective background shield.

System Performance
The data in Figure 1 can be used to estimate the

overall (γ,eÐ) Compton conversion efficiency. Assuming
a converter with an area of 2 cm2 located 2.5 m from the
source, the solid-angle fraction is 1.25 × 10Ð6. The recoil
electron distribution has a peak with widths of about 6¡
and 0.5 MeV, but the peak represents only about 15% of
the total cross section. Thus, according to Figure 1,
Compton conversion into the collimated peak has an
efficiency of about 10Ð3 eÐ/γ. The sector magnet should
be able to collect this beam with an efficiency greater
than 10%. Combining these factors gives an overall 

efficiency of about 1.25 × 10Ð10 electrons/16.7-MeV γ.
This result can be used to determine the viability of the
diagnostic. The system can produce a useful signal only
if there is a statistically significant number of electrons.
If we take 100 as the minimum number of electrons that
can provide a measure of burn width, then the diagnos-
tic is viable for (D,T) fusion neutron yields greater than
about 1016.

The nature of the signal depends on the method
used to detect the electrons. A Cherenkov radiator
optimized for electrons in this energy range can 
produce more than 500 visible photons per electron.11

If the photons are detected with a fast MCP, then the
signal will be a current pulse that can be recorded.
Figure 3 illustrates a compact design for a FUDGE
diagnostic with a microchannel plate (MCP) as the
photodetector. With 100 electrons, an MCP gain of 10, 
a pulse width of 500 ps, the pulse will have a peak of
about 2 A. This value seems very large for the signal,
but it still represents only 100 initial Compton elec-
trons. MCP response times today can be as short as 
140 ps (Ref. 12), so burn widths of a few hundred
picoseconds can be recorded with this approach.

Higher-bandwidth data can be recorded with a
streak camera, at some possible expense in sensitivity.
The challenge with this approach is to image enough
of the Cherenkov photons onto the streak-camera slit
to have a statistically significant measurement. We can
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estimate the overall system efficiency: assuming a pho-
tocathode efficiency of 10%, approximately 1000 pho-
tons must be imaged onto the slit. The assumption
above provides 5 × 104 photons from the Cherenkov
radiator, so the Cherenkov image must have a trans-
port efficiency of about 0.2%. This efficiency is feasible
with a 50-µm streak camera slit, f/3 optics, and a 1-cm
beam of electrons incident on the Cherenkov cone.
Thus, incorporation of a streak camera might not com-
promise the overall system efficiency.

The estimate above only demonstrates the feasibility
of designing a diagnostic for high-bandwidth record-
ing of a fusion γ-ray signal. This is a compound system
with multiple convolved distributions, so detailed pre-
dictions of system performance are difficult to calcu-
late. This is a case where, ultimately, the performance
of a FUDGE diagnostic must be calibrated on well
characterized γ-ray sources.

Conclusion
FUDGE will bring together several kinds of issues

that relate to ICF development at the NIF. The FUDGE
method will use the high yields of NIF experiments to
provide high-bandwidth measurements of fusion reac-
tion history. When compared with fusion-neutron
diagnostics, FUDGE data also will represent new mea-
surements of absolute fusion cross sections and branch-
ing ratios. In this way, FUDGE will contribute to the

optimization of performance in ICF experiments and
also will help advance our knowledge of the underlying
fusion cross sections. These experiments should be
excellent examples of doing science at the NIF.
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Introduction
The study of parametric instabilities1 has long been a

topic of interest in laserÐplasma interactions. Reliable
prediction of experimental results requires detailed
knowledge of the plasma characteristics (density, tem-
perature and flow profiles) as well as the laser beam
structure (phase and intensity modulation information).
Hydrocodes such as LASNEX2 and experimental mea-
surements yield data about the plasma, and experimen-
tal measurements3Ð5 and laser-beam propagation codes6

provide relevant information about beam characteristics.
In this article, we examine two physical mechanisms

that demonstrate the effect of beam structure on its
propagation through underdense plasma. First, we 
discuss the effect of transverse plasma flow on beam
deflection. When there is plasma flowing across a
beam, the density depressions created by the pondero-
motive pressure of the light wave are swept down-
stream in the flow direction, and the light, which is
refracted into the density depression, moves down-
stream as well. 

We present a simple analysis of this problem, which
shows that the beam deflection rate scales with the fig-
ure of merit                                                  , where v0 (ve)
is the electron quiver (thermal) velocity, n is the elec-
tron plasma density, and nc is the critical plasma den-
sity at which light reflects (                            , where ωpe
is the electron-plasma frequency and ω0 is the light-
wave frequency). In previous work by Ghosal and
Rose,7 three different expressions for the beam deflec-
tion rate were derivedÑfor the subsonic, near-sonic,
and supersonic regimes of the transverse flow, respec-
tively. We have derived a more general expression,
valid for all transverse Mach numbers M as well as
noncircular Gaussian beams, which reduces to the
results of Ghosal and Rose7 in the three Mach number

regimes with circular beam cross sections. In the limits
of subsonic M < 1, near-sonic M Å 1, and supersonic 
M > 1 transverse flow, our expression for the beam
deflection rate scales as                             ,               , and

, respectively, where     is the ion
damping decrement.

Recent experiments in gas-filled hohlraums con-
ducted on the Nova laser at Lawrence Livermore
National Laboratory (LLNL) show that the laser spot 
on the hohlraum wall is effectively 150 µm closer to the
laser entrance hole (LEH) than in empty hohlraum
experiments.3 We show that this spot motion can be
interpreted as beam deflection occurring near the LEH
by simulating these experiments using F3D,8 a fully non-
linear, 3D fluid hydrodynamics code with paraxial light-
wave propagation. A necessary component in effectively
modeling the experiment is utilizing as input to F3D the
beam structure of the unsmoothed Nova laser beams6 as
well as realistic plasma profiles generated by LASNEX.
Our modeling shows that an unsmoothed Nova beam
undergoes beam deflection at the LEH, which results in
an effective shift in the beam centroid toward the LEH.
When the beam is spatially smoothed by applying 
random phase plates (RPPs),8,9 the centroid shift is
reduced to within laser pointing accuracy. These results,
which simulate the actual beam profiles at the wall, are
in qualitative agreement with experiments, where the x-
ray emission pattern was measured. 

The second physical mechanism we address in this
article is the effect of beam structure on channel forma-
tion by ultraintense laser light, a situation directly
applicable to the hole-boring beam in the fast ignitor
concept.10 We have modified F3D to include relativistic
corrections and the effect of charge separation.11 In 3D
simulations of a Gaussian beam with peak intensity 
5.7 × 1017 W/cm2 and a waist of 15 µm, or of an f/3
beam with the same amount of input power as the
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Gaussian, the beam creates a channel through 1 mm 
of plasma with initially uniform density n = 0.1nc for
the Gaussian beam or through 0.4 mm for the f/3
beam in a time t = 15 ps. However, when random
phase aberrations are superposed on an f/3 laser
beam, so that asymptotically the beam is f/3 but at
best focus it is no longer diffraction limited (its spot
size is 15 µm), a channel does not form through 400 µm
of plasma at density n = 0.1nc in a time t = 30 ps.

After this introduction, the second section of this
article addresses beam deflection in two subsections:
first we present our analysis, then the results of our
modeling. The third section is devoted to channel 
formation of ultraintense laser light. In the fourth 
section, we conclude with a discussion of our results. 

Laser-Beam Deflection by
Transverse Plasma Flow

Beam deflection has been a topic of vigorous inter-
est in the past few years because of its potential to
degrade the implosion symmetry of targets in gas-
filled hohlraums. In 1982, Short, Bingham, and
Williams12 analyzed the plasma dispersion relation
with transverse flow, and showed that the spatial
growth rate was enhanced and peaked at values of 
M less than about unity. A series of Nova gas-filled
hohlraum experiments inspired H. A. Rose13 to sug-
gest that transverse plasma flow could explain the
observed deflection of backscattered light. Hinkel,
Williams, and Still14 simulated beam deflection for
laser beams with spatial (RPP) and temporal (SSD15)
beam smoothing. They showed that RPP beams
deflect both supersonically (by forward Brillouin scat-
ter between different k-components of the RPP beam)
and subsonically as well, and that SSD mitigates the
deflection. In this present work, we extend our previ-
ous work by simulating unsmoothed beams, and by
deriving an analytic expression that is valid for circu-
lar and elliptic Gaussian beams for all values of the
transverse flow Mach number M. Our present work,
in the appropriate limits, is in agreement with that of
Ghosal and Rose,7 who performed a linear analysis of
beam deflection. In addition to the gas-filled
hohlraum experiments on Nova, there have been
exploding foil experiments performed on Nova4 and
on the Janus laser5 at LLNL that show an intensity-
dependent beam deflection.

The equations of motion governing the coupling of
the laser light to the density perturbation1 in the paraxial
approximation are

(1a)

and

(1b)

Here, ψ is the light-wave vector potential scaled to
its peak value,       is the fractional density perturbation,
k0 is the laser wave number, ωpe is the electron-plasma
frequency, c is the speed of light, ν is the ion damping
rate, u is the transverse plasma flow, Cs is the sound
speed, v0 is the electron quiver velocity in the peak
light wave electric field, and ve is the electron thermal
velocity. An additional approximation, consistent 
with the paraxial approximation, is that density per-
turbations are transverse to the forward-propagating
light wave.

Beam Deflection: Analysis
A simple 1D argument demonstrates that the plasma

density response is downstream from the light wave
when transverse flow is present. Assume that the light
wave is legislated, i.e., that ψ is known and given. Then,
in steady state, a 1D version of Eq. 1 takes the form

(2)

Eq. 2 can be integrated once (for constant u), giving

(3)

A local density minimum means that                   , and thus

(4)

In the absence of damping, the minimum of the
density profile coincides with the maximum of the
ponderomotive potential. Where the density has a
local minimum and where ν > 0 and u > 0, we have 

. Thus, the density well does not line up with
the peak in the ponderomotive potential; rather, it is
displaced downstream from the potential maximum
where                  .

It now remains to show that the light wave is
refracted into the displaced density well, thereby mov-
ing downstream as well. We obtain equations for the
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beam centroid and the beam width by taking intensity-
weighted moments of Eq. 1a,

(5a)

and

(5b)

where  ,

, etc.

Eq. 5a describes the beam centroid motion as a func-
tion of propagation distance. The transverse density 
gradient refracts the light to regions of lower electron
density. Eq. 5b governs the beam width as a function of
propagation distance. As the beam propagates through
plasma, the beam width will increase if diffraction 
(first term on right-hand side of Eq. 5b) dominates self-
focusing (second term on right-hand side of Eq. 5b), and
it will decrease if self-focusing dominates diffraction.16

We envisage three regimes for beam deflection. Well
below the critical power for self-focusing, where the
beam width is not modified by ponderomotive effects,
Eq. 5a can be integrated in the z direction using the
unperturbed beam width. In this limit, test calculations
using our code F3D show agreement with our analytic
results. Approaching critical power, a self-consistent solu-
tion of Eqs. 5a and 5b is required to determine the beam
deflection rate. Above critical power, a self-consistent
solution for the beam width will determine the deflection
rate up to the point where beam breakup occurs, beyond
which a single-beam model no longer applies.

It is beyond the scope of this present work to self-
consistently evolve the beam width. Therefore we 
shall legislate a beam width and focus our attention on
solving Eq. 5a.

We outline the methodology for solving Eq. 5a by
first solving for , where, again, the brackets denote
an intensity-weighted average. By Fourier transform-
ing Eq. 1b and solving for , we find that14

(6)

where                    is the transverse Mach number (here
we have assumed that the flow is in the x direction), 

is the ion damping decrement, and g(w) is
the Fourier transform of evaluated at k = w.
Similarly, when the Fourier transform of Eq. 1b is
substituted into Eq. 5a, we obtain

(7)

Eqs. 6 and 7 can be integrated over angle for any
wave field g that can be expanded in a FourierÐ
Bessel series. However, for definiteness, we assume

and

, 

i.e., the beam field is a Gaussian in real space with beam
width σx in the x-direction and σy in the y-direction.

It is then easy to perform the radial portion of the
integrands of Eqs. 6 and 7, yielding
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where                                                     and                              . The above expressions are valid through order      , 
i.e., corrections of order                have been dropped. The beam eccentricity is measured by . Note that
in the above expression, the component of        that is nonzero is that in the flow direction, i.e.,      .

If we use the identity , make the change of variable φ= 2θ, and integrate about the unit
circle by setting z = exp(iφ), the expression for          can be determined by summing over the residues inside the
unit circle,

(10)

To determine the beam deflection rate, we perform the integration in Eq. 9 by expanding for small ellipticity,
i.e., . Then, along the unit circle, the second term in the square brackets of the numerator of Eq. 9 is small
compared to the first, or . Summing over the residues, we then obtain

(11)

Figure 1 depicts vs Mach number for both a
circular beam (black curve), where σy = σx, and for an
elliptic beam (gray curve), where σy = 2σx. In both
cases, the density response near M = 1 is almost triple
the response at M = 0. This demonstrates that the pro-
cess of filamentation14 is enhanced by near-sonic trans-
verse flow.

The density response of the elliptic beam is slightly
greater than that of the circular beam for ε2 > 0 around
the sonic surface. As σy becomes large compared to σx,
we recover the 2D limit, where, for M > 1, the density
response is positive, i.e., there is a density enhance-
ment rather than a density cavity.

In the subsonic regime, for a circular beam, where 
, M < 1, and ε = 0, the expression for 

as given by Eq. 10 reduces to

(12)

123

PROPAGATION OF REALISTIC BEAMS IN UNDERDENSE PLASMA

UCRL-LR-105821-98-3

α̃ σ σ ν2 2 2 2 21 1 2≡ ( ) − −( )[ ]y x M β̃ σ σ ν≡ ( )y x M2 2 2

cos cos2 1 2 2θ θ= + ( )[ ]
δn

k̃⊥
Äkx

ε σ σ2 2 2 1≡ −y x

ν2

δ

σ

σ

α β

σ

σ
ε ν

α β α

α β

α
ν σ

n
v
v

M M

M

y

x

y

x

y

=






+

( ) +





( ) +












+ +

+

















+ ( )
–

– ˜ ˜

– – –
˜ ˜ ˜

˜ ˜

˜ –

1
8

1
2

1

1 1 2

1

0
2

2 2

2

2 2 2

2

2
2 2 2

4 2 2

4 2

2
2 2e 22

2
2 2 2

4 2 2

4 22σ
ε ν β

α β α

β α βx
– ˜ ˜ ˜ – ˜

˜ ˜ ˜

 .








 +















+

+





























































∂
∂

π ω ν
σ

σ

σ

α β α

β α β

ε

α β

α β α

α β

α
α β

z
k

v
v

n
n k c

M
x

x

y

x

˜

˜ ˜ – ˜

˜ ˜ ˜

– ˜ ˜

–
˜ ˜ ˜

˜ ˜

– ˜ –
˜ ˜

=













+

+

+
( )

( ) +

+ +

+

( ) +

32 3 2

1

2

1

0
2

0

0

2

4 2 2

4 2

2

2 2 2

4 2 2

4 2

2
4 2

e c

–– ˜

˜ ˜ ˜

 .

α

β α β

2

4 2+





























































ε 2 1<<
1 1 3 22 2 3 2 2 2+[ ] ≅ + ( )ε θ ε θcos cos

/

δn

δn
1 2− >>M Mν

M M2 1− >> ν

δ σ σn
v
v Mx ysubsonic,

e
= −






 −
 ~  .

1
8

1

1
0

2

2

For near-sonic flow, we evaluate Eq. 10 with M = 1
for a circular beam to find

(13)

i.e., the density response for near-sonic flow is a reso-
nant response that is limited by the damping, or, in 
the limit of weak damping, would be limited by non-
linear effects.17 For supersonic transverse flow, where 

, we find that Eq. 10 reduces to

(14)

The density response of an elliptic beam is qualita-
tively different from that of a circular beam in the
supersonic regime. When the beam is circular, the 
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density response is always negative. However, when
the beam is elliptic, such that σy > σx, i.e., the beam is
narrower in the flow direction, the density response
changes sign, becoming positive as it is in the σx = 0
limit of a line-focused beam.

In Figure 2, we plot the beam deflection rate vs
Mach number for a circular beam (black curve) and an
elliptic beam (gray curve). (In the circular beam limit,
where , only the first term in the large curly
bracket of Eq. 11 survives.) The largest beam deflection
rate occurs for near-sonic transverse flow. In the sub-
sonic regime, 

(15)

Subsonically, the deflection rate scales linearly with the
damping decrement and with Mach number, and
increases as .

In the near-sonic regime, for a circular beam, Eq. 11
reduces to

(16)

As with the density response, the beam deflection rate
exhibits resonant behavior near M = 1, which is limited
by the inclusion of damping.

This expression can be integrated once when the
density profile is constant, yielding

(17)

where is the deflection angle in radians. If the hot
spot length Ls, which for a Gaussian beam is the
Rayleigh length, is long compared to the transverse-
flow scale length Lu, then in the above equation, L =
Lu, i.e., the transverse-flow scale length is the limiting
length in the problem. If Ls is short compared to Lu,
then Ls is the length in question. For an RPP beam, 

and , where f is the f-number of the
optic, so
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(18a)

and

(18b)

This scaling does not account for multispeckle phe-
nomena in an RPP beam, where light leaving one den-
sity depression can enter another density depression
and continue to get swept downstream over a length
longer than Ls.

Finally, in the supersonic regime, Eq. 11 takes the
form

(19)

For              , the beam deflection rate scales as 1/M2,
and is independent of the damping decrement. In all
three regimes, the beam deflection rate scales with the
figure of merit . In these lim-
iting regions, our beam deflection rate results are in
agreement with those of Ghosal and Rose.7

For a single Gaussian hotspot with circular cross
section focused at z = z0, Eq. 11 reduces to

(20)

Here, v0 and σ0 are evaluated at the focus, z = z0.
For constant density and flow, this expression can

be integrated to give the total deflection of the
Gaussian beam:

(21)

The above results, depicted in Figures 1 and 2, indicate
that we should concentrate our simulation efforts near
the M = 1 surface, where both          and the deflection
rate peak.

In the weak damping limit, where a steady state is
not reached, one would expect subsonic deflection
from transient effects and self-induced bandwidth
rather than from damping, and near M = 1, nonlinear
effects17 would dominate the physics. In the experi-
ments modeled in the next section, the plasma is com-
posed of CH, with a damping decrement . In
this regime we anticipate subsonic and supersonic
deflection with the M = 1 resonance limited by damping.

Beam Deflection: Modeling Results
As mentioned earlier in this article, gas-filled

hohlraum experiments on the Nova laser3 show an
effective spot motion of 150 µm toward the LEH that is
reduced to 35 µm when RPPs are used on the laser
beams. Near peak laser power, the plasma density and
transverse flow profiles calculated by LASNEX2 are
depicted in Figure 3. The transverse flow profile is
sheared, and is near sonic with a scale length of about
600 µm at the LEH. The plasma density is modeled as 

, where λ0 = 0.351 µm.
Here, z is chosen such that ne/nc = .01, where M = 1.
The corresponding electron temperature is Te Å 3 keV.
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It remains to specify the beam structure. The simu-
lated unsmoothed Nova beam6 1 mm beyond best
focus, which is the unsmoothed beam plane at the LEH,
is markedly different in structure from the simulated
RPP Nova beam6,8,9 at best focus, which is its beam
plane at the LEH. Both beams are f/4 and have similar
average peak intensities. The speckle statistics of the
beams are the same, but the unsmoothed Nova beam
contains large coherent pieces, as well as large voids,
which give rise to sub-spot-scale intensity modulations
upon which the speckle statistics are superposed. 

The F3D code models the speckle statistics of a
beam about a given average intensity. Computational
limitations inhibit modeling of the entire beam in one
simulation (250 µm × 250 µm × 1000 µm). Thus, we
have taken the unsmoothed and RPP beams, and aver-
aged the intensities in the initial beam cross section on
a 28 µm × 28 µm spatial scale. Each 28 µm × 28 µm
piece of the beam then has an average intensity at
which a simulation is performed. 

These spatially smoothed average intensities are 
plotted in Figure 4. The peak value for the RPP beam is 
3 × 1015 W/cm2, as opposed to 1 × 1016 W/cm2 for the
unsmoothed beam. An F3D simulation was performed at
each spatially smoothed average intensity in the beam
over a propagation distance of 350 µm. At z = 350 µm,

each piece of the beam is placed back in its original beam
position, and the entire beam is paraxially propagated
through 1 mm of plasma at density n = 0.1nc, roughly the
distance from the LEH to the wall. The intensity distribu-
tion vs wall position of the RPP and unsmoothed beams
is plotted in Figure 5. The peak of the RPP beam is
located within 50 µm of where it was pointed, whereas
the centroid of the unsmoothed beam is ~100 µm
closer to the LEH than it was pointed, in agreement
with experimental results. Moreover, the general struc-
ture of the predicted laser intensity on the wall, of a
wide ÒplateauÓ or ÒshoulderÓ in the flow direction, is
in agreement with the x-ray emission profile measure-
ments. Thus we see that it is the difference in the inten-
sity distributions of the beams, i.e., the beam structure,
that accounts for the change in effective wall position
for unsmoothed vs RPP beams.

A secondary feature that also enhances the deflec-
tion of the unsmoothed beam arises from the focusing
geometry. The unsmoothed f/4 Nova beam is focused
1 mm outside the LEH, and in the beam plane at the
LEH, the hot spots in the beam are more accurately
described by f/6 speckle statistics. Because an f/6
speckle is longer [by a factor of (3/2)2] and wider [by a
factor of (3/2)] than an f/4 speckle, the spatial region
of a given hot spot over which beam deflection can
occur is larger, thus yielding more beam deflection.
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thermal filamentation. RFS and plasma heating, which
are included in PIC simulations,19 would act to deplete
the pump and create hot electrons in the channel,
thereby limiting the ability to create a channel. Thus,
these fluid simulations place an upper bound on the
channel depth, and hence on the ability to create a
channel.

We have propagated a 30-ps FWHM (full width at
half maximum) Gaussian beam with peak intensity 
5.7 × 1017 W/cm2 and a waist of 15 µm at best focus
through 1 mm of underdense plasma at density 
ne = 0.1nc and electron temperature Te = 2 keV. The
beam filaments into several pieces, and the main 
(central) filament contains 65 to 70% of the intensity.
The laser beam has self-focused by an order of magni-
tude in intensity, because of both relativistic and pon-
deromotive effects. The central filament plasma
density is at about ne = 0.01nc, and a channel forms
through the entire 1 mm of plasma. We find that this
process occurs for a range of FWHM spot sizes from 
3 to 15 µm.

Figure 6 depicts the x = 0 slice of the laser amplitude
(Figure 6a) and the plasma density (Figure 6b) for an
unaberrated, super-Gaussian f/3 laser beam. Clearly, 
a channel has formed through 400 µm of ne = 0.1nc
plasma after 15 ps. We have ascertained that channel 
formation occurs for a wide range of cone angles, 
from f/3 to f/10.

We have also simulated beams with both random
phase aberrations and spherical aberrations. Figure 7
shows the x = 0 slice of the laser amplitude 
(Figure 7a) and the plasma density (Figure 7b) for 
an f/3 laser beam with random phase aberrations,
which expand the spot size at best focus to 15 µm. In
Figure 7a, we observe 3 hot spots near best focus,
located at z = 180 µm, which have self-focused and
thereby increased the intensity by a factor of 2. In

Channel Formation by
Ultraintense Laser Light

Channeling of intense laser light is crucial to the fast
ignitor concept,10 where light must reach the over-
dense regime. Prior to channeling the intense laser
light, a channel must be created by the Òhole-boringÓ
pulse. We have begun to examine and analyze beam
propagation in underdense plasma in an effort to bet-
ter understand the channel formation process.

We utilize a relativistic form of F3D11 to study chan-
neling. In this form, the index of refraction in the light-
wave equation has been modified according to the
replacement , where ,
with . [Here, A0 is the RMS value of the
vector potential of the light wave.] This accounts for
relativistic corrections to the electron mass. We have
modified the ponderomotive drive in the momentum
equation by making the replacement ,
so that momentum is conserved. At very high intensi-
ties, the ponderomotive drive then scales as
rather than as as it does at moderate intensities
where γ Å 1. Finally, we have implemented a charge-
separation model similar to that of Sun et al.,18 where

. Here, ni is the ionic
density, me is the electronic mass, Z is the ionic charge,
and e is the electronic charge. This charge-separation
model permits the electrons to be blown out of the
channel by the ponderomotive force on very short
(sub-picosecond) time scales, inducing a charge sepa-
ration that then draws the ions out of the channel as
well. On the time scale of the simulations presented
below (30 ps), the charge-separation term has negligi-
ble effect, as the ions have had time to move.

This fluid model does not include such effects as
Raman forward scatter (RFS), plasma heating, or 
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Figure 7b, plasma has been pushed out of the regions
where the beam is most intense. The beam structure,
i.e., the presence of multiple hot spots, locally increases
the intensity, but not globally. Thus relativistic and
ponderomotive self-focusing is limited to the hot-spot
regions, from which plasma density is expelled. With
either random phase or spherical aberrations, a chan-
nel does not form through 400 µm of ne = 0.1nc plasma
in 30 ps, even though the beam contained the same
amount of power (~3 TW) as the diffraction-limited
beam. We thus conclude that aberrated beams do not
channel as effectively as diffraction-limited beams.

Conclusions
In summary, we have shown that a predictive capa-

bility requires a model that contains the important
beam-structure characteristics. We have presented two
examples where the beam structure was essential. 

In the first example, we studied beam deflection
caused by transverse flow. We derived a global for-
mula for the steady-state density response and beam
deflection rate, valid for all Mach numbers. In the
weak damping limit, when a steady state may not be
reached, the effective damping decrement can be
estimated by the magnitude of the transient density
response . In practice, the limit is
never achieved because of residual time-dependent
effects such as transients, self-induced bandwidth, and
background evolution. Also, in the weak damping
limit, nonlinear effects become important in the near-
sonic regime. In the subsonic regime, the beam deflec-
tion rate scales linearly with the damping decrement
and with Mach number, and scales inversely with 

. The density response is independent of
the damping decrement in this regime, and scales
inversely as . Around M = 1, damping limits

the resonant response, and both the beam deflection
rate and the density response scale as . In the
supersonic regime, the beam deflection rate is 
independent of the damping decrement, and scales as 

. Here, the density response is pro-
portional to the damping decrement, and scales as 

. Such analysis can be used to formulate a
reduced description in models where laser propaga-
tion is not treated in detail.2

We have used this information to focus our model-
ing efforts where the transverse flow is near-sonic,
which, in gas-filled hohlraums, is around the LEH.
When the marked difference in the intensity distribu-
tions of the unsmoothed and RPP beams is folded
into our modeling, we find that the intense portions
of the unsmoothed beam deflect more (in agreement
with our figure-of-merit scaling), thereby moving the
wall spot centroid of the unsmoothed beam closer to
the LEH than that of the RPP beam. Our results agree
with the x-ray emission data in gas-filled hohlraum
experiments.3

In our second example, we studied the effect 
of beam structure on channeling of intense laser
beams. We determined that an idealized beam, 
containing only one hot spot with a peak intensity 
at 5.7 × 1017 W/cm2, successfully creates a channel
through underdense plasma at density n = 0.1nc.
However, if a more realistic beam model is used, such
as one containing random phase aberrations but with
the same input power as that of the idealized beam,
we find that a channel does not form. Plasma density
is expelled from the regions where the beam has hot
spots, but builds up between the hot spots. This work
has set in place the required framework to perform
further analysis, such as determining the intensity
threshold as a function of beam structure above
which channel formation occurs.
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FIGURE 7. The laser amplitude
and plasma density for a phase-
aberrated f/3 beam with a spot
size of 15 µm at best focus and
with ~3 TW of input power.
After 30 ps, the beam has failed
to channel through 400 µm of
plasma at density ne = 0.1nc,
whereas a diffraction-limited f/3
beam creates an evacuated chan-
nel within 15 ps.
(50-00-0898-1710pb01)
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Nova Operations
Nova Operations performed 229 experiments dur-

ing this quarter. These experiments supported efforts
in ICF, Defense Sciences, university collaborations,
Laser Science, and Nova facility maintenance. At the
beginning of June, the operation of Nova expanded
back to a full two shifts per day, with 2.5 hours of over-
lap between shifts. Nova now operates four days per
week continuously from 6:30 a.m. to 12:30 a.m. This
will allow the operations group to achieve the goal of
900 experiments in FY 1998. 

Several new systems and diagnostics were added
to Nova. The temporary installation of the f/8.5 lens
system on one beamline was successful. Experiments
were successfully performed utilizing this system
both with and without an array of wedged KDP 
crystals for studying the effect of a polarization
smoothing technique on the backscatter levels of 
various targets. New diagnostics, such as a driven
wave Thomson scattering measurement system, were
fielded. Another new system was added in the laser
bay, which allows beamline 10 to be used as a back-
lighter. This increases the number of beamlines that
can propagate the separate backlighter pulse to four.

Many improvements were made to the Petawatt
system. Beginning in April, the first full-power target
experiments were performed with the Petawatt
deformable mirror. Using the sensor packages, it was
determined that there are ~4 waves of static distortion
in the Nova chain and several waves of thermal distor-
tion due to heating of the amplifier disks. The mirror
successfully corrects for these distortions by running 
a probe beam through the chain to the Hartmann 
sensor, and actively correcting the wavefront up to 
~20 minutes before a shot. Averaging software was
developed to keep the mirror from overcorrecting 
for turbulence occurring on a fast time scale. Pump-
induced distortions are on the order of 1.8 waves 

peak-to-valley, and are corrected for by creating a pre-
correct file from the previous shot, which is applied
immediately before the system shot. Because the
cumulative wavefront correction is applied early in the
amplifier chain, it was necessary to increase the diame-
ter of the spatial filter pinholes early in the amplifier
chain to avoid clipping. This allows high spatial fre-
quencies to propagate through the chain, generating
small-scale modulation in the near-field irradiance.
This modulation causes a significant fraction of the
beam energy to scatter outside the central focal spot. 

Prior to using the wavefront control system, the
focal spot at target chamber center was many times
diffraction limited, with multiple hot spots within 
the central peak due to thermal distortion of the 
amplifier disks. With the deformable mirror, a single
hot spot ~10 µm in diameter (full-width-half-maxi-
mum) is reproducibly delivered on target. This spot
typically contains ~28% of the total energy in the 
central peak, corresponding to a maximum intensity 
of ~4 × 1020 W/cm2 to date. 

Beamlet Operations
During the third quarter of FY 1998, Beamlet contin-

ued to provide a testbed for validating the laser physics
and engineering foundations of the National Ignition
Facility (NIF). We completed a total of 128 full-system
shots, 72 of which were dedicated to testing prototype
NIF frequency converters, 25 to testing prototype
fused-silica final optics at high 3ω fluence, and 16 to
completing high-power, high-B-integral 1ω beam 
propagation experiments with angularly dispersed
bandwidth as required for 1D smoothing by spectral
dispersion (SSD). At the end of the quarter, we began 
a series of experiments for the French Commisseriat
dÕEnergie Atomique (CEA) and completed a 15-shot
campaign to measure thresholds for 3ω filamentation
and damage in high-quality fused silica. 

NOVA/BEAMLET/NIF UPDATES
APRILÐJUNE 1998

R. Ehrlich/P. Wegner/S. Kumpan
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The frequency conversion work on Beamlet
involved extensive testing of NIF production crystals,
both conventional growth and rapid growth, in a 
37-cm-aperture final optics cell (FOC) in the NIF-like
vacuum environment of the Beamlet final-optics-
assembly test mule. The purpose of the work was to
validate the design of the NIF frequency converter and
verify the physics models on which a detailed error
analysis of its performance is based. As part of these
tests, we measured (1) the second-harmonic conver-
sion efficiency of a converter incorporating the first
rapidly grown 37-cm type-I KDP doubler, (2) the third-
harmonic conversion efficiency of a converter consist-
ing of conventionally grown crystals from NIF
production boules, and (3) the third-harmonic conver-
sion efficiency of a converter consisting of the rapid-
growth doubler and the first rapid-growth 37-cm
tripler. Maximum efficiencies (whole beam, time inte-
grated) were 70.5%, 75%, and 73% respectively mea-
sured at drive irradiances of between 3.6 and 3.9
GW/cm2 in 1.5-ns square pulses. In each case, the
measured efficiencies were within a few percent of
modeling, assuming values for component transmis-
sions measured prior to the experiments. 

A small number of additional frequency conversion
experiments were done to evaluate the effects of
increased bandwidth with angular dispersion on 3ω
efficiency, under conditions relevant to beam smooth-
ing. Tests with 80 GHz (3�) of 1ω bandwidth critically
dispersed and 135 GHz (5�) of bandwidth critically 
dispersed and 3× the critical dispersion condition
showed reductions in efficiency to be less severe by
~30 to 40% than what was expected based on 2D mod-
eling.  The importance of choosing the correct disper-
sion direction was also demonstrated by reversing the
sign of the dispersion along the tripler optic axis and
measuring a corresponding reduction in efficiency of
as much as 5%.

Tests to measure the effects of increased band-
width and dispersion on 1ω beam quality in the 
laser amplifier were more extensive. The purpose of
the measurements was to determine how the condi-
tions for SSD reduce the operating margin against 
B-integral induced-beam breakup. The tests were
conducted with 500-ps pulses using 167-µrad pin-
holes in the cavity spatial filter and with no pinhole
in the transport spatial filter. The pulses were propa-
gated through unpumped booster amplifiers to pro-
duce the high B-integrals expected at the end of a
long, saturating ignition pulse. At B integrals in the
booster amplifiers up to ~25% higher than the NIF
limit of 1.8 rad, no difference in near-field beam 
quality was observed for the baseline SSD condition
of 80 GHz critically dispersed, for which the diver-
gence is ±7.5 µrad. Onset of beam degradation was
observed when the divergence reached ±25 µrad, 
at which point the near-field irradiance contrast 

measured at a B of 2.1 rad was equivalent to the con-
trast measured at 2.3 rad without SSD, suggesting a
reduction in operating margin of ~10%.

Full-aperture tests of high-damage-threshold silica
components were also conducted for the first time this
quarter. The goal of the campaign was to test a NIF-
like FOC and debris shield at average 3ω fluences of 
6 J/cm2 in 3-ns square pulses for 20 shots. The initial
shot sequence consisted of a five-shot ramp and 
eight shots at 6 J/cm2, with only the FOC containing
frequency conversion crystals and a final focus lens
installed in the test mule. Optics condition during 
this part of the campaign was quite good. After instal-
lation of a debris shield and seven additional shots at 
6 J/cm2, extensive damage occurred on the output 
surface of the tripler and the input surface of the lens.
Evidence suggests that the damage was related to a
back reflection from the debris shield, which was 
misdirected onto the Al wall of the FOC. 

The first of the French CEA campaigns was com-
pleted this quarter. The purpose of the campaign was
to test fused silica windows with a large-aperture,
high-quality 3ω beam to determine thresholds for fila-
mentation and damage that could be extrapolated to
the target chamber vacuum windows on the LMJ. Two
parts were tested (Suprasil 312 and Herasil 1SV) in the
test mule vacuum chamber at a plane 2 m downstream
of the f/20 3ω focus, which was spatial filtered. Onset
of filamentation occurred at an aperture-averaged
intensity-length product of between 25 and 30 GW/cm
as measured at a pulse duration of 200 ps. High-flu-
ence testing up to aperture-averaged fluences of 13
J/cm2 in 3-ns produced damage that was significantly
less than expected from off-line tests.

National Ignition Facility
Overall progress on the NIF Project remains 

satisfactory for the third quarter of FY98. NIF
Conventional Facilities construction made good
progress, and a total of eight DOE/OAK Performance
Measurement Milestones were completed. In June,
Walsh Pacific (CSP-3) finished its major concrete work
in the Target Building and Switchyards essentially on
schedule. Nielsen DillinghamÕs (CSP-4) steelwork in
the Laser Bays started in April, about six weeks later
than originally planned. This delay was anticipated
during the bid period for CSP-9, Laser Building Finish
& Central Plant, so the milestones were adjusted by
four to six weeks to compensate. The critical path for
Conventional Facilities, which runs through CSP-9, is
delayed by roughly two to four weeks, but the fourth
quarter 03 Project completion date is being held.

In Special Equipment, 89% of the Mid-Title II
(65%) design reviews, and 24% of the Title II (100%)
final design reviews have been completed. Design
reviews continue to be successfully held, and 
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drawing production continues, although at a rate
slower than planned. Some reviews and the follow-on
procurement activities are now beginning to lag the
schedule dates, which reduces the available schedule
float for these activities. Efforts are now under way to
streamline the review process to maintain the FY98
Title II completion schedule. The Beam Transport
Vessels and Enclosures procurement was awarded
early in June, and the Target Chamber contract is on
schedule. 

In Optics, facilitization is moving well at all NIF
vendors as they prepare for pilot production in late
FY98 or in FY99. Zygo and Corning will both begin
pilot production in the fourth quarter in portions of
their facilities while they complete facilitization tasks
in other areas. Schott, Hoya, and Tinsley will begin
their pilots in the first quarter of 1999. KDP rapid
growth and finishing pilots have already started at
LLNL, and the external-vendor rapid-growth pilots are
set to begin in early FY99 at Cleveland Crystal and
Inrad. Facilitization at the University of Rochester
Laboratory for Laser Energetics and Spectra-Physics is
on schedule to begin their pilots later in FY99. The
longest lead substrate material, polarizer substrates,
has already been received for pilot. The first NIF pro-
duction optics orders were awarded to Schott and
Ohara for the polarizer substrates, and to Ohara and
Pilkington for LM3 mirror BK7 substrates.

Key Assurance activities during the third quarter to
support the Project included Assurances safety support
and QA surveillance of major concrete pours including
the initiation of shielding concrete pours. Litigation
activities included litigation support to the DOE for the
settlement of 60(b)ÑAgreement to prepare a
Programmatic Environmental Impact Study supplement
analysis and to conduct specific evaluations and surveil-
lance of potential buried hazardous materialsÑand the
overall litigation against the Stockpile Stewardship
ProgramÕs Programmatic Environmental Impact Statement;
the NIF Construction Safety Program; interface with the
Institutional surveillance for buried hazardous/toxic
and/or radioactive materials; Risk Management Plans;
the Final Safety Analysis Report; assurance surveillances
and audits; and support of environmental permits. All
are on schedule.

There were no Level 0, 1, 2, 3 milestones due during
the third quarter. There were 26 DOE/OAK
Performance Measurement Milestones due, and 21
were accomplished. There was a total of 56 milestones
due through the end of the third quarter, and 52 have
been accomplished, for an overall variance of 4. This is
based upon DOE/OAKÕs concurrence with Rev. c of
the FY98 Milestones, which was effective May 1, 1998. 

The current assessment of Project status remains
similar to that stated at the end of the second quarter;
that there will be no change to the fourth quarter 01
Level 2 milestone for the End of Conventional

Construction, nor to the fourth quarter 03 Project
Completion date. However, it is still anticipated that
there could be a three- to six-week impact to the fourth
quarter 01 Level 4 milestone for the start-up of the first
bundle. Due to the status of Laser Bay steel erection, 
the current assessment is that there may be a four- to
six-week impact to other internal milestones for con-
struction. The Project Office is working with Nielsen
Dillingham to determine how best to accelerate the steel
work early in the fourth quarter. The Integrated Project
Schedule is also being reviewed to find potential work-
arounds to minimize impact to the first bundle.

Site & Conventional Facilities
NIF Conventional Facilities construction made good

progress during the third quarter and completed a total
of eight DOE/OAK Performance Measurement
Milestones. Of these, five of six due in the third quarter
plus two remaining from the second quarter were com-
pleted, and one due in the fourth quarter was completed
early. In June, Walsh Pacific (CSP-3) finished their major
concrete work in the Target Building and Switchyards
essentially on schedule (plus nine rain days), as a result
of several months of accelerated double shift work (see
Figure 1). Nielsen DillinghamÕs (CSP-4) steelwork in the
Laser Bays started about six weeks late in April, was
delayed by rain in early May, then began to accelerate in
late May and early June. However, efforts to further
accelerate the schedule in June did not materialize.
Therefore, due to the lack of progress on CSP-4 steelwork
in the Laser Building, there is approximately a four to six

FIGURE 1. Switchyard 1 concrete pour.     (40-60-0598-1213#7pb01) 
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week lag in the completion of internal milestones for this
subcontract. This delay was anticipated during the bid
period for CSP-9, so the milestones were adjusted by four
to six weeks in CSP-9 to compensate for the delays com-
ing from CSP-4. However, the critical path for Conven-
tional Facilities that runs through CSP-9 is delayed by
roughly two to four weeks. In addition, the field team is
closely watching progress to ensure that the facility will
be essentially dried-in by the start of the rainy season.
Efforts to accelerate roofing activities under CSP-4 may
be undertaken to ensure the dry-in of the facility.

June was generally a positive month for the NIF
Conventional Facilities construction effort; clear weather
allowed work to proceed at full speed. Walsh Pacific
(CSP-3) completed its work and demobilized from the
site. Nielsen Dillingham (CSP-6/10) began work in the
Target Area, Switchyards and Diagnostics Building, and
has made excellent progress to date. Although access to
the work area was delayed for Nielsen Dillingham for
CSP-6/10 due to WalshÕs late departure, the team antici-
pates full recovery of the schedule. Work in the Optics
Assembly Building (OAB) made good progress in the
third quarter. The erection of structural steel began sev-
eral weeks early, placing the work on the OAB slightly
ahead of schedule. The site utility work is progressing at
a fairly slow pace; multiple prime contractors on the site
are creating some challenges to the teamÕs ability to open
excavations that do not choke the site circulation. The
work has not progressed per the initial schedule, how-
ever, there has not yet been an impact to the critical path
of the Conventional Facilities work. Significant, visible
progress has resulted from field efforts in June.

Three FY98 DOE/OAK Performance Measurement
Milestones were achieved on the NIF site in April: the
issuance of the Notice to Proceed for CSP-6/10, the start
of Laser Bay Core Structural Steel Erection (see Figure 2),

and the completion of Laser Bay Footings. One
DOE/OAK milestone, the completion of Storm &
Sanitary Sewer Lines, was delayed until October. This
adjustment does not affect the critical path on either
Conventional Facilities or the Project. One milestone,
Switchyard Mat Slabs Pour, was achieved in May. Four
milestones were achieved in June: Start Concrete
F/R/P/C East Wall for Switchyard 2, achieved with the
erection of forms; Start Overhead Platform Set-up for
Laser Bay 2, achieved with delivery and staging of the
platform materials; Start Concrete F/R/P/C for Target
Bay Cylinder, achieved with erection of forms; and
OAB Start Structural Steel Erection, originally sched-
uled for July, also achieved in June. The milestone not
achieved was the Complete Structural Steel Erection for
the Laser Bays, currently estimated for completion in
August, seven weeks later than originally planned.
¥ All contract work by Walsh Pacific, CSP-3, was

completed in June except for the curbs that sit
on top of the footings between grids 28 and 30
(between the Laser Building and the OAB). This
work was removed from CSP-3 and added to
CSP-5 to allow for better access between the
Laser Building and the OAB. The total concrete
placed was 6872 yards during the third quarter.
This contract is considered to be 100% complete.

¥ Steel erection of the Laser Building Core by
Nielsen Dillingham, CSP-4, was completed in
June, and bolting and plumbing is approxi-
mately 25% complete. Erection of Laser Bay 2 is
approximately 75% complete, but bolting and
plumbing has not started.

¥ Four isolation pads, slab on grade, and return
walls bordering the OAB equipment pads were
placed in three separate pours by Nielsen
Dillingham, CSP-5. The Special Equipment
granite slab was placed on the spatial filter
tower alignment pad.

¥ Work began in earnest for Nielsen Dillingham,
CSP-6/10, during June. The formwork for the
Target Bay 18-in. and 30-in. columns was put in
place with rebar. The first concrete pour for the
columns was completed utilizing a 52-m pump
truck and the 5000-psi shielded concrete. The
second pour for the remaining columns in the
Target Bay was also completed. All of the first
three pours were completed to the Ð22.75-ft level.

¥ The majority of work performed in June by
Hensel Phelps, CSP-9, was related to the site
utilities. Material for the overhead platform to
be used in the Laser Bays was received, and
staging began in June. Site utility work is con-
tinuing, including installation of mechanical
utility bundles at the East side of the site up to
the Central Plant and installation of chilled
water piping, hydronic piping, domestic water,
and sewer lines around the OAB.FIGURE 2. Looking north from Switchyard 1. (40-60-0598-1007#3pb02)
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Special Equipment

Design reviews continue to be successfully held,
and drawing production continues, although at a rate
slower than expected. Procurement packages are being
reviewed, revised, and released. Detail planning for
FY99 is well under way, and reviews of the FY99 Cost
Account Plans have been started.

Mid Title II (65%) design reviews were held for 
the Final Optics Damage Inspection System, the Pulse
Synchronization System, the Laser Injection, and for 
the Operations Special Equipment Control System
Supervisory Controls. Final (100%) design reviews were
held for the Target Chamber Vessel, the Line Replaceable
Unit (LRU) Assembly Verification System, the Vacuum
System, the Supervisory Control (Applications), Target
Area Auxiliary Systems, and the Communications/
Environment Monitor System. In addition, Final
Documentation and Procurement Reviews were held for
the Beam Transport Enclosures for the structural sup-
ports for the Transport Spatial Filter (TSF), Cavity
Spatial Filter (CSF), and Preamplifier Module Support
Structure (PASS). Design review reports were prepared
and released for the Supervisory Control (Framework)
100%, the Final Optics 65%, the Computer Systems
100%, and the Target Area 65% reviews. Changes to the
required content for the 100% design reviews are being
considered to reduce the amount of preparation and pre-
sentation time. This is based on the successful comple-
tion of most of the 65% reviews focusing on the design,
and intent to focus the 100% reviews on the procure-
ment readiness and design basis book completion for
that subsystem. 

Laser Systems. The Laser Systems detailed designs
are progressing roughly according to plan. Drawings
are being completed at a rapid pace, and manufactur-
ing prototypes or first-article prototypes of various
assemblies are being procured and tested. The empha-
sis of prototype testing has shifted from optical perfor-
mance to more engineering-like concerns such as
cleanliness, vibration, installation, assembly, and kine-
matic mounting.
¥ During the third quarter, the Preamplifier Module

(PAM) prototype was assembled, and testing began.
The electronics bay was installed and tested, and the
regenerative amplifier was activated. Alignment of
the multipass amplifier is in progress in preparation
for energy extraction tests. This prototype will be
used during the next quarter to validate the PAM
design relative to the system requirements.
Numerous technical issues with the design of the
Master Oscillator Room (MOR) hardware were also
addressed. Stability issues with the baseline oscillator
design motivated the identification of several com-
mercially available alternative oscillators. The most
promising of these have been ordered to validate
their performance relative to their specifications. The

FM-to-AM conversion noted during the last quarter
motivated a change in the fiber used in the MOR
design from a polarization-maintaining fiber to a
polarizing (PZ) fiber. The PZ fiber has been specified
and a test-run ordered from 3M for testing. The pro-
totype arbitrary waveform generator system was
coupled with the electro-optic modulator to produce
the baseline Haan optical pulse from the MOR sys-
tem (see Figure 3). Alignment testing of the proto-
type PAM was completed during the past quarter.
The procedure was defined, and the rails were suc-
cessfully aligned. Maxwell Physics International pre-
sented a successful design review for the PAM
power-conditioning unit.

¥ During the past quarter, four tiger teams were
established to analyze and interpret amplifier
performance data collected using the AMPLAB
prototype. Computer codes for reducing
AMPLAB gain and wavefront data were
revised and tested. Much of the wavefront data
were reduced and compared with model pre-
dictions. Reduction of the gain data is under
way. Additional thermal recovery experiments
were performed on the AMPLAB after insula-
tion was applied to the outside surfaces of the
amplifier, beam tubes, and mirror towers, to
improve thermal stability; this data is being
analyzed. Detailed hardware designs are pro-
ceeding at a rapid pace, and a prototype ampli-
fier Frame Assembly Unit was ordered and is
being fabricated. The slab holder design was
modified to address slab abrasion and assembly
difficulties experienced on the prototype. A
management review was conducted for the con-
version of Building 381W into the Frame
Assembly Unit Assembly Area. The plan was
approved, and the Program will cover the costs
for the conversion, including the clean room.

FIGURE 3. Optical pulse with a contrast ratio of 175:1.
(40-60-1198-2258pb01)
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¥ The Plasma Electrode Pockels Cell (PEPC) proto-
types underwent numerous mechanical and
optical tests during the third quarter to validate
the design. The kinematic mount design was
tested to demonstrate adequate repeatability,
capture range, and reliable operation of the
mechanisms. The design performed very well
overall, and minor modifications were noted for
the production hardware. Vibration testing was
completed to provide data for system stability
performance models. A detailed tolerance analy-
sis was completed for the PEPC, accounting for
insertion/removal, alignment, structure and
manufacturing tolerances. Optical performance
of the cell under nominal conditions demon-
strated that the design exceeds requirements for
both ÒonÓ and ÒoffÓ states. The design of the
PEPC assembly fixture was completed, and the
drawings are being reviewed. The PEPC front-
end processor (FEP) prototype was deployed in
the PEPC Lab to test compatibility of the controls
with the harsh EMI environment of the PEPC.

¥ The Power Conditioning System Mid-Title II
(65%) design review was held in April, and the
design was commended by the review commit-
tee. A full prototype of the Power Conditioning
System module was completed with the pro-
curement of parts for the first-article module.
Actual procurement of the first-article compo-
nents will provide for firm cost estimates for
production. Nearly all components arrived dur-
ing the past quarter, and assembly and installa-
tion has begun. A variety of critical fault modes
were simulated using the prototype module,
including capacitor and bus faults. The system
performed as expected and minimal damage to
the hardware was sustained. Most notably, the
1.4-mega-ampere bus fault validated the perfor-
mance of the module enclosure, blast doors, and
fire prevention strategy. The ST-300 switch test-
ing was completed in May. Testing of the ST-
300E at greater than 540 kA indicates that switch
lifetime will be in excess of 1500 shots.
Beam Transport System. In this quarter, all major

structural and vessel packages for upcoming pro-
curements were finalized and reviewed. The major-
ity of laser bay steel structures were issued for bid.
Contracts for the laser bay steel-mill order and the
fabrication of spatial filter vacuum vessels were
awarded. Shipment of 1000 tons of stainless vessel
plate was initiated. Over 500 drawings were com-
pleted and released under Configuration
Management. Much progress was made in streamlin-
ing the submittal process to facilitate the timely
release of procurement packages. Construction

Planning activities developed into focus groups for
the PASS, the War Zone (i.e., the optical system in
the TSF optical plane area), Periscope (the structure
that supports the PEPC, polarizer, laser mirrors LM2
and LM3), and Switchyards to establish more
detailed links in the Integrated Project Schedule.
¥ Production of the spatial filter stainless plate is

near completion with final product completion
slipped to July and final invoicing anticipated
by the end of August. Shipment of plate mate-
rial to vessel fabricators is in progress and
approximately 60% complete. Title II procure-
ment review was completed for the spatial filter
vacuum vessels, including approval of end ves-
sel and center vessel engineering safety notes.
Contracts were released in June for vacuum ves-
sel fabrication.

¥ The detailed drawings for the Switchyard Beam
Tubes are 95% complete. The horizontal quads
remain to be detailed and should be completed
by early July.

¥ The Roving Mirror Diagnostic Enclosure design
is proceeding. Substantial progress was made
incorporating updated interfacing structures
and assemblies into the Pro-E model. The
updated assembly details allow for develop-
ment of part details based on real fit and dimen-
sional constraints.

¥ Design development was concentrated on the
large interstage components consisting of dock-
ing frames at the spatial filter end vessels and at
the Switchyard wall to ensure fabrication and
delivery do not impact critical path closure of
facility openings. Planning and preliminary
development of options and methods for clean-
ing beam tube enclosures is progressing.

¥ During this quarter the Spatial Filter Vacuum
System Title II 100% Design Review was com-
pleted.

¥ The Switchyard #2 structure drawing package
was completed and submitted into Configura-
tion Management. The Title II Procurement
Review for SY#2 was scheduled for early July,
and the draft Statement of Work and fabrication
specification were distributed for comment. 

¥ The Power Amplifier, Main Amplifier, Laser
Mirror 1, and Periscope support structure design
drawings were completed. The Laser Bay
Support Structures Fabrication Specific-ation is
completed. The CSF Optical Bench, TSF Optical
Bench, Injection Structure, and PASS design cal-
culations were completed. Thermally sprayed
aluminum was chosen to coat the interior of the
Laser Mirror 1 and the Periscope after examining
many paints, ceramic, and thermal metallic
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applications. The aluminum coating will be
mechanically finished to a 125-rms finish to
accommodate cleaning.

¥ A review of thermal analysis in the Laser Bays
was presented. A significant conclusion was that
the fluorescent lights under the Laser Bay beam
cavities will adversely affect the wavefront of the
laser. The solution was to provide motion detec-
tors to power these lights only when needed,
minimizing the thermal effects. In addition, a
laser alignment control system override may be
needed to shut lights off on demand to allow the
structures to thermally stabilize.

¥ The 100% Title II review for the LRU Assembly
Verification System was presented in May. The
comments received were helpful and did not
reveal any major issues.

¥ Good progress was made in developing and
demonstrating an acceptable transport mirror
attachment design. At an internal review in
April, it was recommended to proceed with two
conceptsÑan expansion arbor and an undercut.
These have been tested at subscale. The results
for both were very encouraging, with mirror
surface deformations less than 20 nm.

¥ Testing of actuators is producing useful infor-
mation for final design. The reliability, avail-
ability,  and maintainability (RAM) testing of
the harmonic drive actuators is well under
way (>2 million cycles) and is showing that
design to be robust. Testing of the friction
drive actuator, planned for use on the
periscope LRU, has revealed that there is some
slippage between bearings and races that is
load dependent. This error is being quantified
to determine whether the controller can
accommodate it or whether a design change
will be necessary (i.e., use the harmonic drive
actuator).

¥ Testing of prototype hardware continued. The
shutter/beamdump (shown in Figure 4, below
left) tests indicated that a design modification is
needed to prevent the gate valve from binding
during operation. Linear bearings will be used.
RAM testing of this LRU will begin in July. The
LM4 (switchyard mirror, below right) LRU is
undergoing modal testing to confirm the finite
element analysis of the individual mirror
mounts, the frame assembly, and the kinematic
mounts.

FIGURE 4. The shutter/
beamdump testing, shown at
left, and the LM4 switchyard
mirror, shown on the right.
(40-60-1198-2259pb01)
(40-60-1198-2404pb01)
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Integrated Computer Control System. Title II
design progress is satisfactory. Five out of eight sched-
uled 100% reviews have been completed. Three
reviews were completed in the third quarter: the Video
Distribution System, a prototype of which was demon-
strated at the review; the Supervisory Software, fol-
lowed by two weeks of advanced training in
object-oriented software engineering (construction of
the first phase of the Production Prototype for demon-
stration in October 1998 has started); and the
Communications System and Facility Environmental
Monitor, also projected to meet deployment cost goals.
¥ Title II work is complete for computer systems.

Installations of the NIF Testbed server com-
puter, network diagnostic equipment, and
numerous software items were completed in
June, including graphical user interface tools,
network management software, and security
upgrades. Significant upgrades to the capability
of the Rational Ada-95 compiler and
ORBexpress object request broker for Solaris
supervisory and FEP systems were successfully
delivered as a result of outstanding collabora-
tion between the vendors.

¥ The design for the first Production Prototype of
the NIF Computer Control System software was
featured at the 100% review. The prototype will
be implemented during the fourth quarter to be
demonstrated and submitted for testing in
October 1998. 

¥ Prototype testing of the t-1 Abort System on the
programmable logic controller platform was per-
formed. The system was simulated for one laser
bay, and the terminal-to-terminal response time
of the system was measured to be 1.8 ms.
Although an additional 5 to 15 ms is expected
when all overhead is accounted for, these results
are well within the 70-ms real-time processing
requirement of the system. The Industrial
Controls Requirements and Design Description
document was revised to reflect the final design,
and the detailed failure modes and effects analy-
sis was completed for the t-1 Abort System. 

¥ Optics damage inspection data was generated
from Beamlet experiments, locating an optic
containing a broad spectrum of flaws at several
positions in the beamline that was imaged
repeatedly with various pinhole configurations,
camera integration times, and other system con-
figuration variations.

¥ A deployment model of the Control System
software framework was created that allocates
computer processes and key framework objects
among the generic FEP, supervisory worksta-
tion, file server computers, and control points.

A specific deployment model of the first pro-
duction prototype was then created that depicts
the vertical slices (i.e., the subsystem architec-
ture from FEP level to supervisory level) to be
built for all supervisory applications and partic-
ipating FEPs.
Optomechanical Systems Management. Title II

design activity is moving towards completion in sev-
eral areas. The LRU Assembly Verification System
completed its 100% design review, and the drawing
package was released under Configuration
Management (CM). Optical design prepared for its
upcoming 100% review. Internal reviews of subsys-
tems in final optics resolved lingering, detailed design
questions. The final optics assembly (FOA) prototype
hardware (full-scale) was assembled, and integrated
testing began. The shutter beamdump hardware was
received for validation testing, and the transport mir-
ror assembly was assembled and underwent modal
testing.

Optical Design
¥ The final optics damage inspection system design

was modified to use only fused silica components.
This reduces the susceptibility of the system to
damage due to background radiation (neutron-
activated) in the target chamber. The design was
further improved to reduce the sensitivity to ele-
ment decenter and tilts. The optical design of the
final optics damage-inspection system was pre-
sented at the 65% review for that system with no
optical design issues identified.

¥ The final optical design detail for the transport
mirrors was described in a memo. Target area
mirrors LM6 to LM8 should be offset slightly to
maximize use of the mirrorsÕ clear aperture.
This information was communicated to
mechanical design groups in optical mounts
and target area structures for inclusion in their
detailed Pro-E models.

¥ Ghost workshop #3 was held in May to discuss
the extensive analysis that has been performed
on stray light in the FOA. Numerous threatening
ghosts near the mechanical structures have been
identified, their fluences estimated, and areas for
absorbing materials or baffles identified.

¥ Optical fabrication drawings for the transport
mirrors were released (blank, finished, and
coated). The fused silica blank drawings were
revised based on a request from Optics
Manufacturing. Thus, 60 drawings needed for
large optics manufacturing are under CM. The
release of the six KDP crystal drawings needed
for Title II is being paced by resolution of
detailed specifications and associated metrol-
ogy for the doubler and tripler.
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Optical Components. The first NIF production
optics order has been placed with the awarding of
polarizer and LM3 mirror BK7 substrates. Due to long
lead times, polarizer substrates for pilot production
were ordered more than a year ago from Schott and
Ohara. Mirror BK7 substrates were awarded to Ohara
and Pilkington for pilot production with fixed price
annual options for all of production.

¥ Mirror substrate blank drawings have been
revised and released based on final dimensions
and specifications. Firm fixed price contracts were
awarded in June for mirror substrates for the NIF
mirror pilot, with firm fixed price annual options
for production of all the glass required for the NIF.
Competitive bids were received from four glass
companies, and awards were made to two ven-
dors: Ohara and Pilkington. Each received a con-
tract in June for one-half of the pilot quantity of
mirror substrates.

¥ The polarizer substrate blank drawing was
revised and released based on final dimensions
and specifications. Firm fixed price contracts were
awarded to Schott and Ohara in June for polarizer
substrates for the first half of NIF production, with
firm fixed price options for the remaining half of
production to be awarded in FY01.

¥ Extensive testing of a variety of materials by
laser exposure, flashlamp exposure, and clean-
ing has shown that burnished, thermally
sprayed aluminum meets all performance
requirements for the interior of the laser by a
wide performance margin.
Laser Control. The last of the 65% design reviews

were completed in May, and Laboratory activity sup-
porting prototype testing continued to increase.
¥ The 65% design reviews for Alignment Systems,

Final Optics Damage Inspection, and Pulse
Synchronization were presented during the
third quarter for a total number of 22 Beam
Control reviews during Title II. All remaining
reviews will be at the 100% level.

¥ Initial measurements of optics transmission
degradation in vacuum and in static nitrogen or
argon environments suggest that parts in static
gas are less vulnerable to outgassing than those
in vacuum, and that the specification for out-
gassing in vacuum enclosures may have to be
tightened.

¥ Most of the input sensor optical component
drawings have been released and are being sent
out for prototype fabrication. Mechanical fabri-
cation will take less time, and most mechanical
drawings are in checking. Some prototype
mechanical parts are already on order, including
the two-position shutter and optics insertion

device that will also be used in other locations.
¥ The first prototype light source unit was assem-

bled for the LM3 centering location. It will pro-
vide two pairs of 1.05-µm beams for
comparison with similar reference sources at
LM1 and the FOA.

¥ The optical configuration drawing for the
Output Sensor was completed. Assembly of the
prototype Output Sensor was begun early in the
quarter and is now complete. The test stand for
the sensor package was also completed, and the
package and test stand are now undergoing
integrated testing.

¥ The lab setup for integrated testing of all power
measurement components including Output
Sensor fiber launch optics, fiber bundles, fiber
bundle-to-photodiode coupler optics, photodi-
ode, signal dividing transformer, and transient
digitizer was assembled in the Optical Sciences
Laboratory.

¥ A prototype local-energy node board including
the latest dynamic range enhancements was
prepared for use with the Preamplifier Module
prototype. Its performance will be verified by
calibrated test equipment available in Nova.

¥ The Raytheon deformable mirror prototype was
delivered and is ready for testing in the NIF
Wavefront Systems Laboratory. The Thermo-
Trex deformable mirror prototype has not been
delivered, but the acceptance tests at
ThermoTrex were completed. Finite-element
models of both vendor mirrors were generated
at Livermore to calculate influence functions for
inclusion in the wavefront correction modules
of the NIF propagation codes.

¥ The completeness of the NIF beamline aberra-
tion model was improved by the addition of
mounting and gravity sag aberration estimates.
The LLNL-developed finite-element model
influence functions for the Raytheon mirror
were put in proper form for use in the adaptive
optics part of the propagation code, and actual
calculations incorporating these changes have
recently begun.
Target Experimental Systems

¥ The Target Chamber Final Design Review was
successfully completed in May. Comments from
that review have been collected and initial
replies issued. The majority of the 18-sphere
plate sections have had the weld joint configu-
ration machined at Precision Component
Company. The first three plates were shipped to
Pitt-Des Moines in Pittsburgh for a trial fit to
evaluate the effectiveness of the shipping cra-
dles, fitting gear, handling procedures, and
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overall matching of the three plates that will
form the bottom of the target chamber.

¥ Construction work on the target chamber tem-
porary enclosure, built on the E7 parking lot,
continues with the completion of the 60-ft-diam,
62-ft-high enclosure. The enclosure is similar to
an oil storage tank. It is made from 0.25Ó steel
plates, seven courses high. A polar crane,
HVAC, insulation, lights, and a removable roof
will be added.

¥ The prototype beamdump was placed on Nova,
and samples changed out weekly for three
weeks of mostly gas-bag shots. An additional
fused silica optic was added to the samples for
off-line laser damage studies. The beamdump
survived without excessive stainless steel abla-
tion. Then, the prototype beamdump was placed
back on Nova for a week of hohlraum shots.
After a week of high-yield shots, the beamdump
will be removed from the chamber and addi-
tional analysis performed.

¥ The investigation of the trade-offs between
increased protective disc sizes for the target
positioner and the need to clad some portion
of the cryostat itself has been carried forward.
Although a larger protective disc, which can
completely shield the cryostat, gives rise to
more ablation than the combined ablation
from a smaller disc and the cryostat, the dif-
ference may not be enough to warrant peri-
odic recoating of the cryostat; as the total
ablation of relatively benign B4C is still less
than the amount of debris from the target
assembly and the first wall. It now appears
that a sufficient quantity of cryogens for sev-
eral daysÕ holding can be accommodated in a
cryostat of a geometry that can be completely
shielded from target x rays.

¥ A web page has been developed to share diag-
nostic design information with representatives
from LLNL, LANL, SNL, LLE, and AWE. The
web page is still under review for content and
organization and will soon be password accessi-
ble by diagnostic users.

¥ A design review for the NIF Grounding and
Shielding Plan review was conducted in April,
and no significant problems were identified in
the review. The new draft of the NIF Electrical
Grounding, Shielding & Isolation Plan has been
entered into Project Database Management for
review. A detailed analysis of electrical noise
induced in cables in the Target Bay was con-
ducted, and the design for the Target Chamber
Ground Monitor System is being developed
using commercial ground fault monitor/alarms
systems.

¥ As a result of revised calculations performed by
CSA for the seismic loads applied to the top of
the pedestal and the target chamber to floor
restraints, there has been some concern that the
loads may exceed cited loads that were given to
Parsons in an interface control document (ICD)
in August 1997. Considerable design and analy-
sis effort has been expended to resolve the dif-
ferences between the existing calculations.

¥ A revised tritium usage projection for NIF has
modified plans for implementation of the 
tritium-related systems. The schedule for imple-
mentation of all environmental protection ele-
ments has been extended.

¥ The 100% Design Review for Target Area
Utilities & Cable Trays was held in June. No
significant design action items were identified.
All Title II deliverables have been completed
and submitted to the Project Office.
Final Optics Assembly

¥ Significant progress was made in understand-
ing and projecting the frequency conversion
performance for the NIF final optics design. At
a scientific review held in April, the converter
design, its requirements, and error budget were
presented. Requirements from this budget have
since been flowed down to metrology equip-
ment, crystal fabrication, coating performance,
and mount tolerances.

¥ As a result of the intensive Beamlet experiments
and the change-out/testing of different optical
components, the single prototype final-optics cell
has been assembled and disassembled many
times. This heavy use has proven the robustness
of the mechanical design and led to develop-
ment of very detailed procedures for clean
assembly.

¥ Major pieces of prototype hardware were assem-
bled in the high bay of Building 432: the vacuum
isolation valve, the calorimeter chamber, debris
shield modules, four optics modules (one manu-
factured as a welded assembly and three by a
casting process), and the large test stand. The inte-
grated testing of the full-scale assembly began.
The orientation of the FOA shown in Figure 5
simulates installation on the bottom half of the
target chamber. Planned tests include mechanical
fit-up and handling, vacuum pumping rates,
cleanliness evaluations, and in-situ operation of
debris shield cassette.

¥ The first round of debris shield cassette testing
for cleanliness was completed. Preliminary
results indicate that some minor design modifi-
cations are needed to eliminate sag and
ÒwalkÓproblems as the slide exits the Nylatron
edge guides.
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¥ The design progress toward final, detailed FOA
design drawing packages was good for several
subsystems. The final optics cell is in excellent
shape, the vacuum isolation valve is nearly
complete, and the alignment fiducial arm
design drawings are in checking.

¥ Good progress was made on CAVE (crystal
alignment and verification equipment). The
Òfirst lightÓ milestone was met in April. Semi-
automated measurements of frequency conver-
sion of a doubling crystal (2ω rocking curve)
were completed in May. The control software
for fully automated, full-aperture scanning mea-
surements is proceeding well and will be opera-
tional next quarter. Detailed, engineering
subsystem verifications (e.g., stability of
mounts, performance of autocollimators) are
under way.

Operations Special Equipment
Title II design progress is proceeding well. Hard-

ware prototyping continues to increase in volume and
in data collected. Several internal key milestones were
accomplished this quarter.
¥ An integrated 3D model of the Laser and Target

Area Building (LTAB), OAB, and corridor is in
progress for a Material Flow design review. The
process to bring manageable-size files together

and maintain a high level of detail has been
developed by using a series of benchmark tests,
resulting in a process that allows the designers
to use Intergraph files with 3D Studio, gain a
huge time savings, and maintain a high level of
detail for modeling.

¥ The detailed design in the bottom loading (BL),
top loading (TL), side loading (SL), switchyard,
and target area delivery systems is progressing
well. The docking structure for the BL system
has been initiated and will be used for the canis-
ter docking as well as for the insertion testing of
the PEPC, Spatial Filter, and Periscope LRUs. 

¥ The Final Design Review for the Laser Bay
Transport System with RedZone Robotics/AGV
Products was completed this quarter.

¥ The assembly and testing of the prototype hard-
ware is progressing well. All components are in
for the flashlamp cover removal mechanism and
assembly was started in May. Load testing of the
permanent carriage for the BL universal system
was completed in May, and some redesign is
expected due to the results. A vacuum cover
removal operation was completed with the TL
scissors/latching mechanism as well, and the
system performed flawlessly.

¥ The OAB hardware designs and the simulations
continue to progress well. All ICDs with optical
mounts, amplifier, and alignment systems
groups are revised and signed. A top-level
assembly model for the OAB was completed
this quarter, and the docking station and assem-
bly stand concepts are complete for the ampli-
fier and the generic docking ports.

¥ The Supervisory Controls team has made excel-
lent progress, completing the Mid-Title II (65%)
Review in June, with strong project endorse-
ment and interactions. The software require-
ments specification and rational rose model for
the supervisory server was completed. A proto-
type implementation of the supervisory server
framework and event services, integrated with
the FEP control software, is in progress.

Start-Up Activities
¥ The month-end June status of the Integrated

Project Schedule showed no impact to Level 0Ð3
milestones. Work continues with the Conven-
tional Facilities group to establish a baseline for
CSP-9 and CSP-6/10. Once baselines are estab-
lished, Project Milestone dates and definitions
will be adjusted.

¥ As part of the FY99 CAP planning process, Start-
Up has completed definition of the FY99 work-
plan to develop the present First Bundle

FIGURE 5. Prototype FOA hardware being assembled in the high
bay of Building 432. (40-60-1198-2260pb01)
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Operational Test Plan into a complete set of
Operational Test Procedures. Additionally, the
Start-Up Preliminary Staffing Plan for the First
Bundle was completed in detail. A detailed list of
activities for the Start-Up group was laid out for
FY00 and FY01. The composition of the Start-Up
Laser Operations teams was defined, in addition
to the scientific support staff, who will provide
expert assistance and handle data processing and
evaluation of the operational test data.

¥ Optics Processing is the first of 12 to 15 func-
tional areas to work with Start-Up in preparing
operations training materials following a perfor-
mance-based training method. A schedule
driven by Project milestone dates and Title II
100% design review dates has been developed
to determine the order in which Start-Up will
work with various groups to prepare training
materials and operations procedures. 

¥ Start-Up staff has been working on the concep-
tual design of a metrology station to measure
wavefront errors in mounted optics. This contin-
ued through May and June with the goal of a
conceptual review held the first week in June. A
solid concept was developed to test LM4, LM5,
LM6, LM7, LM8, amplifiers, and PEPC.

¥ A plan has been developed laying out all NIF
operational readiness requirements through the
end of the project and beyond. This plan is
presently being reviewed internally and will be
discussed with DOE within a few months. 

Optics Technology
Facilitization is moving well at all NIF vendors as they

prepare for pilot production in late FY98 or in FY99. Zygo
and Corning will both begin their pilots in the fourth
quarter in portions of their facilities while they complete
facilitization tasks in other areas. Schott, Hoya, and
Tinsley will begin their pilots in the first quarter of 1999.
KDP rapid growth and finishing pilots have already
started at LLNL, and the external-vendor rapid-growth
pilots are set to begin in early FY99 at Cleveland Crystal
and Inrad. Facilitization at LLE and Spectra-Physics is in
good shape to begin their pilots later in FY99. The longest
lead substrate material, polarizer substrates, has already
been received for pilot production, and orders are in place
for mirror and polarizer substrate production.
¥ The last two crystal growth stations at LLNL

became fully operational, went through their
first validation tests, and are now being used for
growth runs. Coating development at LLNL
was completed and the first convex aluminum
platform was coated with the improved process.
Six tanks are now running as part of the LLNL
pilot. 

¥ Fabrication of the Finishing Diamond Flycutting

Machine by the Moore Tool Company in
Bridgeport, Connecticut, is progressing well.
Moore Tool plans to ship the machine by the
end of July 1998, after debugging the major
mechanical and control systems. The flycutter
design and most major assembly are complete.
LLNL site preparations for accepting the Moore
machine are also complete.

¥ LLNL has agreed to CorningÕs proposed plan to
accelerate pilot and production of fused silica in
FY99 to take advantage of the current world
slump in the fused silica market, driven by a
drop in the semiconductor industry. Corning will
be ready to ship pilot glass in October, matching
the original schedule and eliminating a previ-
ously expected slip of three months. Corning
demonstrated a new inspection technique that
will allow them to detect solid inclusions much
smaller than their current 80-µm limit. If
required, this technique may be used as a factory
quality control tool to ensure 3ω glass meets the
proposed new 3ω inclusion specification. 

¥ Tinsley is making excellent progress on their NIF
Lenses and Windows Finishing Facility building.
Although the new NIF building will not be com-
pleted until November, pilot production of NIF
optics will begin in October (completing a DOE/
OAK Performance Measurement Milestone).
High-volume demonstration runs will be carried
out in the current facility using NIF equipment
and NIF processes to fabricate lenses for the NIF.
Production of pilot optics will switch to the new
building when available midpilot.

¥ Initial acceptance testing of the cleaning line
equipment for ZygoÕs facility was done at the
equipment manufacturer, Forward Technology.
Installation at Zygo is approximately 80% com-
plete. Zygo has been evaluating cleaning deter-
gents on small material samples with their
existing equipment.

¥ Facilitization at Spectra-Physics is proceeding
on schedule. The interferometer isolation pad
was poured and is curing. Interestingly, NIF
construction has delayed availability of concrete
at Spectra-Physics. Walls for the metrology labs
are in construction as are air-handling systems.
Facilitization at LLE is proceeding on schedule.
Construction has begun on conditioning labs,
and the contract was awarded for the 1ω inter-
ferometer at LLE. The counter rotating plane-
tary hardware at LLE has also been assembled
and cleaned.

¥ A WYKO white light microinterferometer was
installed and performance verified during June.
The unit is being used to verify the etch depth
of samples from etch monitor development.
Modifications are being made to enable this
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instrument to also provide roughness and
power spectral density waviness II measure-
ments for mirrors, lenses, windows, crystals,
and amplifier slabs.

Upcoming Major Activities
During the fourth quarter of FY98, Conventional

Facilities will complete the CSP-4 erection of the Laser
Building steel and much of the roofing and siding. In

the Target Building, the concrete walls for the switch-
yards and the Target Bay cylinder will begin to rise.
The OAB steel work will be completed, and the build-
ing will be dried-in. In Special Equipment, the major-
ity of the 65% and 100% design reviews will be
completed, and procurements will continue to be initi-
ated for Beam Transport items such as the Laser Bay
Structures. In Optics, preprocurement reviews will be
held for the major components, and the vendor faciliti-
zation activities will continue.
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